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ABSTRACT

The purpose of this paper is to present results of simulations of the Florida Tech UTC-M sea-breeze
model22 with the addition of a simplified atmospheric downwelling radiation subroutine1,4 combined and
a thermal inertia subroutine17,19,20 into the atmospheric planetary boundary layer model, in order to 
calculate time dependant heat flux boundary conditions at the air-land boundary that are derived from 
satellite data from AVHRR and MODIS sensors. The improved UTC-M planetary boundary layer model 
with this thermal sub-model subroutine is used to demonstrate the use of thermal inertia to help estimate 
heat fluxes at the land-air interface which in turn influences convergence and vertical fluxes near the 
bottom boundary, and which may affect mesoscale meteorological wind and seabreeze over complex 
land-water margins. Additionally, message passage interface (MPI) parallelizing Fortran techniques7 were 
used to improve the computational time when the model grid was decreased down to 2 or 1 km cell when 
simulations where performed on the FIT supercomputer based on an IBM Beowulf Linux cluster. We 
present some results of the UTC-M simulations and associated results due to the influence of the 
parameterization of the net surface radiation and thermal inertia using the spectral or wavelength 
(channel) specific data from MODIS and AVHRR satellite sensors.

Keywords :  Hyperspectral remote sensing, sea breeze modeling, GIS, modeling, simulation, surface
reflectance, irradiance, thermal inertia, absorption, backscatter, land use, meteorology, planetary
boundary layer, atmospheric modeling, winds, satellite remote sensing.

1. BACKGROUND

The Florida Tech UTC-M atmospheric sea breeze model2,9 , was originally developed by Bostater, et al.22

and is a 3-dimensional, “primitive equation” model. The primitive equations are the system of equations 
that govern large-scale atmospheric motions and represent the synthesis of the ideal gas law, the first law 
of thermodynamics, the Newton’s second law for the horizontal components of the motion, the
conservation of mass and continuity. The primitive equations are comprised of 4 prognostic and 3
diagnostic equations. The 4 prognostic equations (equation 1 - 4) are the horizontal components of the 
momentum equation, the thermodynamic energy equation and the humidity equation. The 3 diagnostic 
equations (equations 5 - 7) are the continuity equation and the hydrostatic equation of state, or: 
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Currently, the surface temperature over land is assumed to be represented as:

0 ''( )tθ θ θ= +  , (8)

where θ is the instantaneous potential temperature in Kelvin at the surface of the earth (z=0), θo is the 
minimum value for a diurnal cycle, and θ’’(t) is the time dependent departure of temperature from the 
minimum value. The minimum value is defined to occur at 10 UTC (sunrise during the summer months in 
Central Florida). 

In 1996, Uhlhorn defined the instantaneous surface temperature to be:
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The above equation was a best fit of the hourly-observed temperatures reported by the National Weather 
Service at Melbourne, FL on 16 July 1996 as described by Bostater, et al.9. The marine boundary layer (air-
sea interface) of the model was initialized using sea-surface temperatures derived from high-resolution (1.1 
km x 4 km) AVHRR infrared imagery. The purpose of this research is to develop a more scientifically
based method for estimating the spatial and temporal values of θ(t) than suggested by equation (9) above.
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2. METHODS

2.1) The parameterization of land use temperatures:

The approach used for model simulations reported here is to more realistically represent surface
temperatures and utilized 3 simplistic components:

• First, a surface heat budget was estimated through a simple radiation parameterization at the 
surface using reflectance and emissivity data products developed for the MODIS sensor and
model calculated downwelling radiation of a cloudless atmosphere1,4.

• Second, a thermal inertia17,19,21 mapping approach using GIS techniques is obtained from AVHRR 
satellite data.

• Third, a time dependant equation calculates surface temperature from thermal inertia values of 
different land surface types and from their respective reflectance.

 2.1.a) Overall Radiation Budget:

The novelty of the model simulations conducted is that land surface radiation is calculated for 
541 bands (439 bands in the shortwave range and 102 in the longwave range). Atmospheric temperature 
plays a key role in the energy balance of our planet, which is heated by the absorption of solar radiation 
and cooled by the emission of thermal IR radiation. In order to include radiative effects in simulations of 
the mesoscale atmosphere, radiation may be conveniently grouped into 3 categories:

•
• -Short-wave radiation (0.295µm – 0.860µm).
• -Mid-infrared and infrared radiation (0.861µm – 3µm).
• -Longwave radiation (11µm - 12µm), range for emissivity estimation.

Now, the shortwave and the longwave radiation can be considered as two separate wavelength
dependent components as discussed below, and thus the net radiation can be divided into four distinct
components, each with a wavelength or spectral dependence:

( ) ( ) ( ) ( ) ( )Q K K I Iλ λ λ λ λ= ↑ + ↓ + ↑ + ↓ , (10)

where:

( )K λ ↑ is the upwelling reflected shortwave (solar) radiation. (Wm-2),

( )K λ ↓ is the downwelling shortwave radiation transmitted through the air. (Wm-2),

( )I λ ↑  is the longwave (infrared, IR) radiation emitted up. (Wm-2),

( )I λ ↓  is the longwave diffuse IR radiation down. (Wm-2) .

2.1.b) The downwelling radiation:

Solar radiation absorbed at the earth’s surface and in the atmosphere is the initial source of energy 
causing atmospheric motions. A parameterization is needed for a better understanding of atmospheric 
circulation. The downward solar radiation is at its maximum from 0.45-0.50 µm, and 99% of the total 
downwelling energy is between 0.3µm and 3.8 µm. The remaining 1% is below 0.3 µm, which is not 
included in the model5. The downward irradiance coming from the sun is mostly short-wave radiation and
is composed of 2 components; direct radiation and diffuse radiation. The scattering effects of air 
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molecules and aerosols generate the diffuse radiation. For a complete coverage of the spectrum, the direct 
and diffuse irradiance on a surface normal to the direction of the sun at ground level will be estimated for 
wavelength (λ) ranging from 0.2 µm to 4 µm. The model we use parameterizes the downward radiation 
and was discussed by Bird and Riordan (1986)1 and completed by Gregg and Carder (1990)4, and 
modified by Bostater et al, 1995 for radiative transfer for hyperspectral remote sensing applications over 
water. The downward direct irradiance is given 1as:

( ) ( ) ( ) ( ) ( ) ( ) ( )λλλλλθλλ wuozaro
d
dir TTTTTSE cos= , (11)

( )d
dirE λ  is the direct downwelling solar irradiance (Wm-2nm-1).

( )oS λ  is the mean extraterrestrial irradiance corrected for earth-sun distance and orbital eccentricity.

θ  is solar zenith angle (Wm-2nm-1).

( )rT λ  is the transmittance after Rayleigh scattering (unitless).

( )aT λ  is the transmittance after aerosol scattering (unitless).

( )ozT λ  is the transmittance after ozone, oxygen and water vapor absorption (unitless).

( )uT λ  is the transmittance after adsorption by uniformly mixed gases (nitrogen and oxygen) (unitless).

The downward diffuse irradiance is given 1as:

( ) ( ) ( ) ( )λλλλ gar
d
diff IIIE ++= , (12)

( )d
diffE λ  is the diffuse downwelling solar irradiance, (Wm-2nm-1).

( )rI λ  is the diffuse component of irradiance arising from Rayleigh scattering after molecular absorption 
(Wm-2nm-1).

( )aI λ  is the diffuse component of aerosol scattering after molecular absorption (Wm-2nm-1).

( )gI λ  is the diffuse component of irradiance arising from ground-air multiple interactions (Wm-2nm-1).

The ground air multiple interactions represents multiple reflection of irradiance between the ground and 
the air and is given 1as:

( )( ) ( )cos / 1d
g r a s g s gdirI E Z I I r r r rλ λ λ λ λ λ λλ= + + − , (13)

The parameter λgr  is the ground albedo as a function of wavelength and λsr  is the sky reflectivity, and 
the other transmittance terms are the regular atmospheric transmittance terms. The total (shortwave + 
longwave) downwelling irradiance is equal to the direct and diffuse irradiance coming from the sun.

( ) ( ) ( ) ( )d d
dir diffK I E Eλ λ λ λ↓ + ↓= + , (14)
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2.1.c) The upwelling radiation:

Radiation characteristics of the underlying surface are exceptionally important to determine the radiative 
interaction between the atmosphere and the surface. This refers to the proportion of solar radiation 
reflected by the surface in other words, the land surface albedo. Accurate determination of the surface 
emissivity is also essential to estimate longwave infrared radiation. Emissivity is the process that
estimates the amount of longwave radiation reemitted by the land surface. The surface emissivity could be 
expressed as the albedo in the infrared spectral region. In the earth’s balance budget, both the reflected 
shortwave and the emitted longwave infrared composed the upwelling radiation.The upwelling reflected 
short-wave radiation can be found using:

( ) ( ) ( )K a Kλ λ λ↑ = − ↓ , (15)

( )K λ ↑ is the upwelling reflected shortwave (solar) radiation. (Wm-2),

( )K λ ↓ is the downwelling shortwave radiation transmitted through the air. (Wm-2),

( )a λ  is the albedo or surface reflectance of the surface (unitless).

The reflectance of the land surface or albedo is a fraction of downwelling radiation at the surface that is 
reflected. It can vary from about 0.95 over fresh snow, 0.4 over light-colored dry soils to 0.05 over dark 
wet soils. Since albedo can be considered as the reflectance of the surface and those values are extracted 
from MODIS (Moderate Resolution Imaging Spectroradiometer), the key instrument aboard the Terra 
(EOS AM-1) satellite. Terra MODIS views the entire Earth’s surface every 2 days, acquiring data in 36 
spectral bands, or channels of with wavelength or spectral bandpass characteristics with known spectral 
spectral response curves. The MODIS 09 surface reflectance product is a seven-band product computed 
from the MODIS Level 1B land bands 1, 2, 3, 4, 5, 6, and 7 (centered at 648 nm, 858 nm, 470 nm, 555 
nm, 1240 nm, 1640 nm, and 2130 nm, respectively). The product is an estimate of the surface spectral 
reflectance for each band, as it would have been measured at ground level if there were no atmospheric 
scattering or absorption. The correction scheme to produce the product includes corrections for the effect 
of atmospheric gases, aerosol, and thin cirrus clouds. The albedo values are a directional hemispherical 
reflectance (black sky albedo) obtained by integrating the BRDF (Bi-directional Reflectance Distribution 
Function) over the exitance hemisphere for a single irradiance direction and a bihemispherical reflectance 
(white sky albedo) obtained by integrating the BRDF over all viewing and irradiance directions9. With
respect to Bird’s model, a constant value for ground albedo of 0.2 could be used. In this research we use
MODIS albedo data to show the importance of surface reflectance determination in order to accurately 
estimate land surface temperature. The outward longwave infrared radiation is typically expressed as:

( ) ( ) 4
bI Tλ ε λ σ↑= , (16)

where:

( )I λ ↑ is the longwave infrared radiation emitted up. (Wm-2nm-1),

( )ε λ  is the emissivity of the surface. (unitless),

σ  is the Stephan-Boltzmann constant. (Wm-2K-4),
T  is the temperature of the surface. (Kelvin).
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Kirchhoff’s law assumes that matter will emit radiation at a rate dependent upon both on its absorption 
properties and its absolute temperature T. For, example, a planet sheds or looses its energy solely by this 
emission process (radiating to space). This negative feedback of the planetary temperature (through 
Kirchhoff’s law) acts like a giant thermostat, continuously adjusting the rate of cooling to compensate for 
excess warming10. The situation in which thermal emission is balanced locally at all wavelengths by 
heating due to solar radiation is called local radiative equilibrium. In the application described in this 
paper, emissivity will be assumed to depend on the land component integrated over a pixel and emissivity 
values were extracted then from MODIS satellite data. The MODIS MOD11 product is used and contains 
Level 2 and 3 LST (Land Surface Temperatures) where emissivity are retrieved from MODIS data at 
spatial resolutions of 1 km over global land surfaces under clear-sky conditions. Emissivities are 
estimates derived from applying algorithm output to database information. The LST/E (Land Surface 
Temperature/Emissivity) algorithms use MODIS data as input, including geolocation, radiance, cloud 
masking, atmospheric temperature, water vapor, snow, and land cover. The physics based day/night LST 
algorithm used to simultaneously retrieve surface band emissivities and temperatures from a pair of 
daytime and nighttime MODIS observations in bands 20, 22, 23, 29, and 31-33 over all types of land 
cover is described by Wan11.

2) Mapping Ground Based Thermal Inertia:

The contribution of the soil heat flux to the net flux is determined by the value of thermal inertia. Thermal 
inertia is typically defined as the resistance of a material to temperature change. In the case of the land
surface, the variation in surface temperature depends on ground properties and characteristics. The 
determination of thermal inertia from in-situ measurements is difficult, particularly for urban areas or 
surfaces covered with vegetation. Remote sensing data provide a unique way for monitoring this 
parameter on a mesoscale basis. Watson21 was the first to work on mapping thermal inertia with satellite 
data. Cracknell and Xue (1996) created a simple and operational thermal inertia model to overcome all 
the drawbacks from previous authors. Their model17 is used in this project to estimate thermal inertia for 
each pixel or grid point associated with the mesoscale model. In 1999, Sobrino and El Kharraz19

developed a simple procedure for determining thermal inertia. Using Cracknell and Xue’s17 work, they 
presented a modified approach called the “four temperatures algorithm”. The main difference between the 
approaches is that it uses satellite data alone instead of obtaining the time of maximum daytime 
temperature from a meteorological ground station19. As described by these authors and shown below, a 
Fourier series is used to solve differential equation representing heat conduction in solids20. An infinite 
series is used in which the constants (A, B) are multiplied by sine or cosine functions of integer multiples 
(n) of the variable (x). The second order Fourier series used in this paper is the one developed for regions 
with variability in surface moisture and vegetative cover19.

( ) ( ) ( ) ( ) ( )1 2 1 1 1 2 2 2 1 2

2 2

cos cos cos 2 cos 21

1 1 2 11 22 2

o t
A t t A t tA S C

TI
T

b b b b

ω δ ω δ ω δ ω δ
ω

 
 − − − − − −   −     = + 

∆  + + + +  

(17)

where: TI  is the thermal inertia (TIU) = 4.1854*10**4 cal cm-2s-1 oC-1
 ,

A  is the surface albedo or land surface reflectance (unitless),

oS  is the solar constant (Wm-2nm-1),
ω  is the angular velocity of rotation of the Earth (rad.s-1),
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tC  is the atmospheric transmittance in the visible spectrum (unitless),

1A  and 2A  are the first and second coefficients of Fourier series (unitless),

T∆  is the day-night surface temperature difference, 1t  and 2t  are the time (hours) of diurnal and 
nocturnal satellite passes,

( )
( )
1

1

tan

1 tan
b

δ
δ

=
−  

 (unitless) .

2

2
arctan

1 2

b

b
δ

 
 =
  +  

 (unitless) ,

( ) ( ) ,...2,1,0,12arctan1 =++= mm πξδ (unitless) ,

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

cos cos cos cos

sin sin sin sin

j k i j i j j k

i j j k j k i j

T T t t T T t t

T T t t T T t t

ω ω ω ω
ξ

ω ω ω ω

   − − − − −   =
   − − − − −   

 (unitless) ,

and where ,, ji tt  and kt  are the actual local solar times (hours) of the three different satellite passes 
for which three surface temperatures correspond, respectively.

2.1) Brightness temperatures extraction from AVHRR images:

NOAA-AVHRR is at the present time the most adequate way for mapping thermal inertia. This is due its 
spatial, temporal and spectral resolution. For example, the spatial resolution of 1 km2 at nadir offers the 
accuracy needed for the mesoscale grid. AVHRR channels 1 and 2 provide spectral channel data for 
determination of albedo and AVHRR channels 4 and 5 provide spectral data for determination of the 
brightness temperatures. Finally, NOAA-AVHRR satellites (#14, 15 and 16) allow the retrieval of 
different satellite time passes necessary for the “four temperature algorithm”. MODIS is limited since the 
satellite Terra passes above the region once a day. NOAA-AVHRR level 1b data have been widely used 
for environmental research and estimation of  numerous variables such as radiance, reflectance, albedo, 
and surface temperature. The level 1b data contain raw AVHRR spectral data as well as calibration 
coefficients, solar zenith angles, earth location and other auxiliary data such as ground control points
necessary to preprocess AVHRR level 1b data. The spectral data contain both geometric and radiometric 
errors, which must be removed in order to quantitatively, analyze AVHRR data. Radiometric errors are 
usually due to change in scene illumination, atmospheric conditions, viewing geometry, and instrument-
response characteristics13.The brightness temperatures need then to be corrected for atmospheric
attenuation. Several split-window atmospheric attenuation correction models have been developed by a 
number of investigators including Deschamps and Phulpin, and Price15, 16. It is usually necessary to
preprocess the remotely sensed data before analyzing it. Errors creep into the data acquisition process and 
can degrade the quality of the remote sensor data collected14. These errors can be divided into 2 classes: 
1) Those that can be corrected using data from platform ephemeris and knowledge of internal sensor 
distortion and 2) those cannot be corrected with acceptable accuracy without a sufficient number of 
ground control points18. Therefore the purposes of geometric corrections are not only to remove these 
path radiance errors but also to relate the digital remote sensing data to a map projection. The map 
projection used for the mesoscale model is evidently a geographic projection to represent every grid point 
with a latitude and longitude coordinate. This operation involves relating the pixel coordinates (row and 
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column) of ground control points (GCPs) with their corresponding map coordinates which would be the
latitude and longitude in this case. Figure 3 shows the process of our use of AVHRR data.

2.2) Cloud Removal Procedures:

To test the TI approach, we used a simple cloud free atmosphere assumption. Thus, after channel 4 and 5, 
satellite imagery have been calibrated and radiometrically corrected, pixels need to be analyzed to ensure 
that no clouds are affecting the data. In order to know if a pixel is a cloudy pixel, the reflectance obtained 
after calibration of channel 1 is used. First, a mask is created from channel 1 where every pixel with 
reflectance above a 10% threshold is considered a cloudy pixel. This cloud mask is then applied on the 
channel 4 and 5 images of the AVHRR data and allows removal of all cloudy pixels. Finally, an 
interpolation method12 (based upon Kriging techniques) is applied to estimate the brightness temperatures 
of the cloud-covered pixels. In order to perform the Kriging correctly, we utilize the GIS techniques of 
“barrier input line themes” where these themes are created as boundaries in order to limit the influence of 
land and water landscape boundaries. Each line in a barrier input line theme is used as a “break” that 
limits the search for input sample points. A line can represent a cliff, ridge, or some other interruption in a 
landscape. Figure 2 shows the barrier theme used to separate land and water for this research.

2.3) Time dependent Land Surface Temperatures:

In order to to relate the net energy flux entering the surface to thermal inertia and simulate land surface
temperatures for every pixel of the domain, we apply a time dependent temperature equation 3:

2
11

1 2





 ∆

+=
+

+

π
t

TI

Q
TT

n
nn   , (18)

1+nT  is the temperature at the next time step 1+n  (Kelvin),
nT  is the initial temperature at the current time step (Kelvin),

1+nQ  is the net energy flux entering the surface which is considered constant over t∆  (cal cm-2 s-1),
TI  is the thermal inertia (cal.s-1/2 cm-2 oC-1),

t∆  is the time step (seconds).

2.4) Model Domain and Grid Characteristics:

The model domain is a Cartesian grid having dimensions of 200 x 200 and each cell size being 1 km by 1 
km. The grid is located on the east coast of Florida between latitude 27N and 29N. And in order to 
represent the sea-breeze phenomena, the grid is equally divided between land and water. Simulations 
were conducted for October 3rd 2001 for different times of the day.

3) Parallelization Techniques Utilized:

In this research, the several improvements to the UTC-M Mesoscale model required the use of parallel 
processing techniques. First, the increase of resolution from a 25x25 grid cell size to a 200x200 grid cell 
size required computing speeds in order to reduce the time of a 24-hour simulation. Second, the insertion 
of a thermal model that had a radiative transfer model increased the computational time of runs and 
needed to be modified accordingly. Parallel computers are used primarily to speed up computations. A 
parallel algorithm can be significantly faster than the best possible sequential solution. There is a growing 
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number of applications that involve processing huge amounts of data, or performing a large number of 
iterations or both. Parallel computation is the only way known today that would make these computations 
faster and feasible. Developments at the high end of computing have been motivated by numerical 
simulations of complex systems such as weather, climate, mechanical devices, electronic circuits,
manufacturing processes, and chemical reactions. In summary, the need for faster computers is driven by 
the increasing demand of the scientific and engineering world where applications become more data 
intensive and perform more sophisticated computations (Kumar et al., 1994). The supercomputer used in 
this research is the IBM Beowulf at Florida Tech. A Beowulf is a high-performance, massively parallel 
computer made up of a cluster of nodes connected by a high-speed network that perform intense 
computing tasks. The Beowulf at Florida Tech is a distributed memory supercomputer cluster that is in 
the MIMD paradigm and is named Bluemarlin. It contains 47 compute nodes and one head node running 
Red Hat Linux 6.2. The head node contains 2 PIII processors and the compute nodes each have a PIII 
processor and 512Mb of RAM. Profilers allowed us to discover which functions and lines were executed 
as well as how often they were executed and how much time of the total compute time they consumed. 
This information was used to identify the portions of a program that could benefit the most from 
“performance tuning” or changes to the Fortran code. The UTC-M Mesoscale model is a 3-dimensional
model where the vertical dimension is divided into 16 layers. From the profiling job of the improved 
UTC-M Mesoscale Model, the horizontal advection subroutine was using 65% of the complete runtime of 
a 24-hour simulation. The parallelization work thus focused on this subroutine and since the
parallelization scheme used for the thermal model was not adequate for this subroutine, another scheme 
was used where the layers in the vertical grid domain were sent to different processors since they are 
independent from one another. The parallelized UTC-M Mesoscale model was run with 1 to 16
processors and the time for each run can be seen in figure 1. The size of the matrices used for the analysis 
described below is 25x25, and the run time decreases with an increase in processors. These times are for a 
24-hour simulation. The time gained from a parallelized run compared to a serial run is around 3:15 
hours.

3. RESULTS & DISCUSSION

The radiation parameterization results for the total downwelling radiation at the Earth’s surface 
can be found below (figures 2-3). The simulation time chosen for testing the radiation parameterization 
matches the time of the AVHRR satellite over passes (8:00AM and 1:30PM EST) for October 22nd 2001. 
At 8:00AM, the downwelling radiation is increasing from the southeast to the northwest and the
difference of radiation between the ocean and the land is due to the different angstrom exponent value for 
land and sea aerosol. Marine aerosols are composed mainly of sea salt particles and sulfate (Fitzgerald 
1991). In October, the sun rises in the southeast and the plot shows the intensity decreasing from the 
southeast towards the northwest. Figure 3 is a plot of the total radiation at the surface at 5:00pm when the 
sun sets. In October, the sun sets in the southwest and the plot shows the intensity decreasing from the 
southwest towards the northeast, and since the sun is setting, the intensity is less than in the morning. The 
upwelling shortwave and longwave radiation were calculated using equation (15) and (16) respectively. 
The shortwave radiation is dependant on albedo or ground surface radiation. The longwave radiation is 
dependant on the emissivity of the surface. Figure 4 and figure 5 illustrate, respectively, shortwave and 
longwave upwelling radiation. The albedo or ground reflectance values being very small between 0 and 
0.3 in general, the upwelling shortwave is low. On the other hand, emissivity values range between 0.97 
and 0.99, therefore the calculation of upwelling longwave radiation relies on the Stephan-Boltzmann
constant and the initial temperature.
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Figure 1 Runtime comparisons for different UTC-M Mesoscale model runs on the supercomputer Bluemarlin. The 
model was run on 1, 2, 8, and 16 processors. The size of the matrices for this analysis were 25x25 and the runs are 
for a 24-hour simulation.
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Figure 2 (left) shows the total downwelling (direct sunlight and diffuse skylight) radiation simulations at 8:00 at the 
surface of the Earth (23 October 2002). Figure 3 (right) shows the total downwelling radiation simulations at 18:00 
at the surface of the Earth (23 October 20021) for a 1km grid cell simulation over the model domain.
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Figure 4 (left) shows the total downwelling (direct sunlight and diffuse skylight) radiation simulations at 1:30PM at 
the surface of the Earth (3 October 2001). Figure 5 (right) shows the net radiation simulations at 1:30PM at the 
surface of the Earth (3 October 2001) for a 1 km model grid cell simulation over the model domain.

The thermal inertia simulations are of importance to see where the regions of low and high thermal inertia 
are. The low thermal inertia regions can be considered as urban areas because these areas absorb
considerable  heat during the day and cools at night. On the other hand, regions of high thermal inertia 
such as water bodies or the ocean won’t be experiencing a high temperature change during a 24-hour
simulation. Figure 6 and 7 represent respectively the thermal inertia for the ocean and water bodies and 
for land surface. One can observe that regions in blue are low thermal inertia areas and can be considered 
urban areas. The blue area in the Northwest corner represents the Orlando area. The area in the Southeast 
represents Fort Pierce and the blue area north of Fort Pierce represents the Melbourne – Palm Bay urban 
area. The areas of low inertia correspond to the urban and built-up areas. The thermal inertia simulations 
over land and water range between 150 and 5000 TIU (thermal inertia units) (see figure 6). Thermal 
inertia for water may actually ranges between 1600 and 2000 depending on the water temperature. Land 
surface thermal inertia ranges usually between 150 and 100019. For a given heat transfer, high thermal 
inertia values lead to small changes in temperatures, while low thermal inertia values lead to large 
changes in temperatures11.
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Figure 6 (left) shows the thermal inertia in TIU (thermal inertia units) for October 3rd 2001 for the 1 km grid cell 
model domain and simu lations.
Figure 7 (right) shows the smoothed simulated thermal inertia in TIU (thermal inertia units) for October 3rd 2001
over the 1 km grid cell domain and simulations.

The temperature simulations are obtained with the net budget radiation simulations at the surface and the 
thermal inertia simulations. The temperature model output is plotted at a six-hour time intervals during a 
simulation period of one day. Figure 8 is a temperature plot at 8:45 am, 3 hours into the simulation. 
Figure 9 is a temperature plot at 12:30 pm, 6 hours into the simulation, when the sun is at its zenith above 
Florida. Most land surfaces are warmed up especially the urban areas. Figure 6.15 is a temperature plot at 
6:00 pm, 12 hours into the simulation. The sun has set for 30 minutes and land is cooling faster than
ocean surface. Figure 6.16 shows the temperature change for three different land surfaces. The water 
surface has a thermal inertia usually between 1000 and 3000 TIU and consequently the temperature varies 
between 291 to 294 K. On the other hand, urban areas have a low thermal inertia and the temperature 
varies between 289 and 312 K. Figure 6.17 is a plot of different temperatures recorded at Fort Pierce on 
October 23rd 2002. Skin temperatures observations are not available or have not been archived for the 
area, therefore it is hard to compare the modeled skin temperatures with observations. However, skin 
temperature can be compared to air temperatures. Figure 6.17 shows a comparison between the different 
air temperatures recorded at Fort Pierce and the modeled skin temperatures from the thermal model. Skin 
temperatures are expected to vary more than air temperature during the day. Skin temperature is the actual 
temperature of the surface and its temperature is directly dependant on solar radiation. That is the reason 
why skin temperatures are cooler than air temperatures when there is no solar radiation. On the other 
hand, skin temperatures are warmer than air temperatures during the day when solar rays hit the surface. 
Land and sea surface temperatures were simulated and results are shown below at 9:00AM and 11:00AM 
local time using equation 16. The increase in temperatures from 9:00AM to 11:00AM can be observed 
over the land with an average increase of 2 to 3 degrees Kelvin during this period while the sea surface 
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temperatures either increased only slightly or remained constant (see figures 10 and 12) as anticipated. 
These temperatures simulations show the importance of thermal inertia for estimating the time dependent 
changes of temperature during the day. The high thermal inertia of water leads to small temperatures 
changes. The advantage of using thermal inertia will be even more pronounced when the cell size of the 
mesoscale grid will be reduced from a 10km x 10km to a 1km x 1km grid cell in the UTC-M mesoscale 
atmospheric model. The high thermal inertia of all water bodies in the area especially of the lagoon will 
have a noticeable effect on the general mesoscale circulation in the region. 
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Figure 8 (left) shows simulated temperatures at 9:00 local time, 1 hour into the simulation on October 3rd 2001.
Figure 9 (right) shows the smoothed simulated temperatures at 9:00 local time, 1 hour into the simulation on 
October 3rd 2001 for the 1 km grid cell model domain simulations.

5. SUMMARY

The parameterization of both net surface radiation and thermal inertia allowed simulating various land use 
types and sea surface temperatures were more realistically estimated, especially over the variable land 
surface. Temperatures for use in the UTC-M mesoscale subroutine described, can be dependent not only 
on the amount of energy available at the surface at a particular time step, but may also depend upon the 
resistance of the land use type to temperature change. The subroutine and potential use in the Florida
Tech UTC-M mesoscale sea-breeze model may allow a better representation of the convergence and 
divergence characteristics in the atmosphere as influenced by detailed coastal water-sea-land margin 
interfaces and land use characteristics (such as heat island effects). On one hand, the parallelization can 
permit a substantial increase in the code computational time, which then allows the use of a smaller grid 
resolution. On the other hand, the parameterization of land use requires a better representation of the 
interaction between the soil, land use and the atmosphere. A new boundary layer parameterization is thus 
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available for use in the model, as described herein. The parallelization of the hydrodynamic model
provided the opportunity to increase the resolution to a 1km x 1km cell grid. The increase in resolution 
allows the simulation of the possible influences of mesoscale level energy transfer and fluxes between the 
ground and the atmosphere in the near surface planetary atmospheric boundary layer. A major limitation
to the radiative atmosphere model described and used includes the assumption of clear sky conditions. 
This assumption causes all horizontal atmospheric radiative transfers to be forced by the horizontal 
changes in land-water margins. Actually, these transfers can only be correctly modeled by a cloud 
mesoscale sub-model and will be an important improvement to the scheme used and described in this 
paper.
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