| Advancesin|

E=TRencarch Advances in Research

- 23(4): 11-25, 2022; Article no.AIR.88277
e ISSN: 2348-0394, NLM ID: 101666096

Evaluation of Selected Empirical Schemes of
Calculating Sensible Heat Flux from Routinely-
Measured Meteorological Parameters in a Tropical
Location

Omodara E. Obisesan &
® Department of Physics, Anchor University, Lagos, Nigeria.

Author’s contribution
This The sole author designed, analysed, interpreted and prepared the manuscript.

Article Information
DOI: 10.9734/AIR/2022/v23i430338

Open Peer Review History:

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers, peer
review comments, different versions of the manuscript, comments of the editors, etc are available here:
https://www.sdiarticle5.com/review-history/88277

Received 07 April 2022

. ; Accepted 13 June 2022
0 IR h Articl
rigial Research Article Published 22 June 2022

ABSTRACT

The accurate estimation of sensible heat flux (Hs) is imperative in the exchange of energy and mass
between the earth’s systems. However, the process of acquiring the sensible heat flux data is
challenging due to the complexity in its direct measurement hence, not readily available. The
alternative is to use estimations which are derived from specific models. This study evaluated the
performances of five selected schemes of estimating Hs from routinely-measured meteorological
parameters using statistical methods such as Mean Bias Error (MBE), Mean Percentage Difference
(MPD), Root Mean Square Error (RMSE), Index of Agreement (l1A), Correlation Coefficient (R) and
Coefficient of Determination (Rz). The empirical schemes selected are: Berkowicz and Prahm (BP),
Bowen Ratio Energy Balance (BREB), Holstlag and Van Ulden (HU), Smith (ST) and Surface
Temperature (ST) schemes. The results obtained revealed that in the dry season, MBE values of
6.9 Wm?, 7.2 Wm?, 7.5 Wm?, 6.3 Wm™ and -3.8 Wm™ were obtained for BP, BREB, HU, SMT and
ST respectively. In the wet season, BP, BREB, HU, SMT and ST had MBE values of 37.4 Wm®?,
14.2 Wm?, 4.2 Wm? 12.0 Wm™ and -1.1 Wm™ respectively. The MBEs, RMSEs and MPDs
obtained for the schemes were higher in the wet season (about 70 %) than in the dry season;
implying that the schemes performed better in the dry season than in the wet season. The study
rated BREB as the best method of estimating the sensible heat flux at the study location having the
lowest MBE, lowest MPD, lowest RMSE, high R, high R and high 1A in both seasons.
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1. INTRODUCTION

The turbulent heat fluxes (sensible and latent
heat fluxes) are the main components in the
exchange of energy between the land surface
and atmosphere [1,2]. They regulate the
development and features of the planetary
boundary layer, such as: the surface
temperature, humidity and thermodynamic
behaviour [3,4]. The sensible heat flux (Hs) at the
earth’s surface is the energy transfer between
the surface and the overlying atmosphere and
mainly depends on the temperature difference
between the surface and the air. It is largely
responsible for the convective dry heat transfer
within the atmospheric boundary layer. The
sensible heat flux can either increase or
decrease energy at the surface subject to the
prevailing meteorological conditions and the
surface temperature. Hg is normally directed
away from the surface at day time as a result of
the surface being warmer than the air above it
and vice versa at night time [5]. It is the sensible
heat flux at the surface that provides the heat
energy that drives most atmospheric air motion
that can be quantified for the estimation of air
pollution dispersion (from anthropogenic sources
such as transportation, industrial activities, etc.),
thermal conditions for soil-plant-atmosphere
system, crop weather modelling, etc [6]. A
research by Katavoutas et al. [7], reported a
dependence of human comfort on the surface
convective heat fluxes, therefore, the role of the
sensible heat flux in the tropospheric processes
cannot be overemphasized. The sensible heat
flux, Hs can be expressed as:

(1)

oT
Hy = peyky oz

where p is air density, ¢, is the specific heat
capacity at constant pressure, K, is Eddy
diffusivity of heat, 9T is the change in
temperature and gz is the change in height.

Obtaining accurate estimates of sensible heat
flux is essential for understanding the
atmospheric boundary layer stability and
numerical weather forecasting. The most
commonly used instruments for the direct
measurement of sensible heat flux are the Eddy
Covariance (EC) System and Large Aperture
Scintillometer (LAS). The EC method is assumed
to be the most accurate method for the
determination of turbulent heat fluxes [8]. Fluxes
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are measured as the covariance between
fluctuations of vertical wind speed (w) and sonic

virtual temperature (7';) yielding the sensible
heat flux, i.e.

Hy = — pc,w'Ts (2)

where p is air density, ¢, is the specific heat

capacity at constant pressure. However, the
instrument has a lot of limitations such as co-
ordinate rotation, sensitivity to fetch, finite flux
averaging, trained personnel, etc [9,10,11]. LAS
uses the propagation theory of an
electromagnetic radiation pulse to measure the
strength of the refractive index of air and the
structure parameter of the refractive index (c,?)
and then relates it to the structure function
parameter of temperature (¢,2?) to derive the
sensible heat flux, i.e.

2_ 2T 2 0032 (3)
Cr" =Gy (—0.78><10—6 P) (1+ B )
where T is the air temperature, P is the

atmospheric pressure and g is the Bowen ratio.
The major limitation of this technique is that it
depends on the semi empirical Monin-Obukhov
similarity theory (MOST) for the determination of
fluxes [12]. Due to the complexities in the direct
measurements of sensible heat flux, the
substitute is to derive the heat flux from empirical
formulae. The input data used for the empirical
formulae are sourced from routinely-measured
meteorological parameters. The routinely-
measured meteorological parameters such as
solar radiation, air temperature, relative humidity,
wind speed are commonly (easily) measured at
meteorological stations. However, there have
been discrepancies when applying the formulae
to other data derived from geographical locations
with atmospheric conditions that are different
from the original locations. Improvement and
analysis of methods for estimating heat fluxes

that are reliable and simple to apply are
important in  micrometeorological research.
Therefore, the purpose of this study is to

evaluate and validate the existing schemes with
the aim of improving their performances in a
tropical location. This study is the first of its kind
to use standard meteorological observations to
estimate the values of sensible heat flux from
aerodynamic resistance schemes in a tropical
location.



2. THEORY AND METHODOLOGY

2.1 Estimations of  Sensible Heat
Flux from Routinely-Measured
Meteorological Parameters

Many indirect techniques have been formulated
to calculate the sensible heat flux, Hs using
observations of meteorological variables
measured in-situ or remotely. The schemes are
based on experimental data with comprehensive
study of the weather and the physical processes
involved. The meteorological data used in this
study such as solar radiation, air temperature,
soil temperature, wind speed and relative
humidity were sourced from the routine
measurements made at the meteorological
station. Other parameters such as friction
velocity, ground heat flux, humidity deficit,
roughness lengths used in the calculation of Hg
were derived from the above-mentioned
routinely-measured meteorological variables.
The period of estimation before validation was
between 2016 and 2018 while the period of
estimation after validation was 2019.

The following methods of estimation of Hs were
evaluated in this study: The aerodynamic
resistance schemes such as: Berkowicz and
Prahm (BP) scheme, Holtslag and Van Ulden
(HU) scheme, Smith (SMT) scheme and Surface
Temperature (ST) scheme; and the Bowen Ratio
Energy Balance (BREB) method. The choice of
selecting these schemes was due to the
availability of data for the various input
parameters. The results obtained from the
schemes were compared with the experimental
data.

2.1.1 Berkowicz and prahm heat flux scheme

The Berkowicz and Prahm (BP) scheme [13] of
estimating Hs can be expressed as:

Rq(rg+15)=8qpcy [y

T 1
FrstGTA/V)Ta

H, = (4)

where R, = R, — Hg; R, is the net radiation; H,
is the soil heat flux; p is the density of air; ¢, is
the specific heat capacity of air; §q is the
humidity deficit; r, and r, are the aerodynamic
and surface resistances; y is the psychrometric
constant; A= de,/dT and e, is the saturated
vapour pressure. The BP approach is centred on
the Monin-Obukhov similarity theory using the
following equations:
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ku.
1, = 6qpc,/v8 (6)
where Z, is the measurement height of

temperature; Z, is the roughness length; k is von
Karman’s constant; v,is the friction velocity.
6 =0.25R,+ 4 @)

where R, is the net radiation and A is an arbitrary
number that depends on vegetation type.

2.1.2 Bowen ratio energy balance (BREB)

The Bowen Ratio Energy Balance (BREB)
method is an indirect method of estimating
sensible and latent heat fluxes at the surface
[14,15]. High positive values of Bowen ratio
indicate  high sensible heating and low
evapotranspiration [16]. On the contrary, low
values of Bowen ratio (almost zero), indicate that
most of the available energy is used for
evapotranspiration (latent heat).

The BREB method breaks down when the
estimated Bowen ratio value is within the range: -
1.25 < g < - 0.75. This is typical of dusk and
dawn conditions at the surface [17]. In order to
appropriately resolve the ratio, Foken et al. [18],
suggested that the temperature gradient should
be greater than the range of values between 4
and 8. Practically, such criteria are rarely
considered since the aerodynamical heights of
high vegetation are about 1.5 [19,20]. The main
disadvantage of using the BREB technique is in
the non-closure equation of the surface energy
balance. The residual energy is usually summed
up with the net radiation or distributed to the
sensible and latent heat fluxes. Therefore, the
energy fluxes estimated using BREB are usually
higher than those determined with the EC
method [18]. The surface energy balance can be
stated as:

R, = Hg+ H, + H; 8
where R, is the net radiation; Hg is the sensible
heat flux; H, is the latent heat flux and H, is the
downward ground heat flux. The net radiation R,
can be expressed as:

Rn = (1 - (X)]?sl + Rll - Rl (9)

1



where q is the surface albedo, R, is the incoming
solar radiation, R, is the incoming longwave
radiation and R, is the outgoing longwave
radiation.

Rsl = Itoa(l)eAMg (10)
R, = gq,0T,* (11)
R, = g,0T* (12)

where [, is the radiation at the top of the
atmosphere, AM, is the air mass at solar zenith
angle ©; g, and ¢, are the atmospheric and
surface emissivity respectively; T, and T, are the
air and surface temperatures respectively and o
is Stefan-Boltzmann’s constant.

The available energy (R,, - H.;) which is the deficit
of the ground heat flux from the net radiation, is
partitioned into sensible heat flux and latent heat
flux as:

Rn—H
HS - I-I-—ﬁ_f (13)
H Rn —Hg (14)
Lo 1+p
AT
Hg=—C% (15)

where C is the thermal conductivity of the soil,
AT is the change in soil temperature at soil
depths Z, and Z,. Therefore, the Bowen ratio can
be written as:

= Hs_ AT 16

ﬂ - Hp, - Ae ( )
where y is the Psychrometric constant =
0.0667hPaK™, AT is the change in air

temperature between heights Z;, and Z, and Ae is
the vapour pressure change at the same
temperature.

2.1.3 Holtslag and van ulden (HU) heat flux
scheme

The Holtslag and Van Ulden (HU) heat flux
scheme [21] can be used to estimate the
sensible heat flux as:

(17)

(1= a)+(/s)
Hy= =T/ Rnu—Hg)— 0o
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where R, is the net radiation, H; is the ground
heat flux, s = dq,/dT , q, being the saturated
specific humidity; y = ¢,/2, 1 = the specific
latent heat of vaporization of water. The empirical
parameters ¢ and ¢ vary with different soil
moisture conditions.

2.1.4 Smith heat flux scheme
The Smith heat flux scheme can be used to

calculate sensible heat flux as proposed by
Smith [22]:

Hs — Rq(ra+15)— 6qpcp/y (18)
A+ A/Y)rg+Ts
where R, = R, — H; (19)

where R, is the net radiation, H; is the ground
heat flux, p is the density of air, ¢, is the specific
heat capacity of air, §q is the humidity deficit =

(1 _ L) e,(T) I is the relative humidity (%) and
100/ S
es(T) is the saturated vapour pressure as a

function of temperature (T), r, and r, are the
aerodynamic and surface resistances, y is the
psychrometric constant and A = de,/dT.

2.1.5 Surface temperature (ST) scheme

The surface temperature method can be used to
determine the sensible heat flux when the
difference between the aerodynamic surface and
radiometric temperatures is considered [23]. It
can be achieved by the addition of an excess
resistance to the aerodynamic resistance. The
expression for the sensible heat flux using the
surface temperature scheme is as follows:

pep(Ts—Tq)
Th

H, = (20)

where p is the density of dry air; c, is the specific
heat of dry air; T, is the air temperature at
reference height Z and r, is the resistance of
heat transfer from a surface at temperature T;.
The resistance ( 7, ) is the sum of the
aerodynamic resistance (r,) of heat transfer from
the surface to height z and an excess resistance

(1)

=T, + 7 (21)

ere, = 2t (5 m (59

Zom Zoh

(22)




n = B
T L,

= In(ZZ“T’:) [ku, (23)

where k is the von Karman’s constant = 0.4, v, is
the friction velocity, d is the zero-plane
displacement, z,. and z,, are the roughness
lengths for momentum and heat respectively.

The excess resistance r,. is often expressed in
terms of kB~!, where B! is a dimensionless
parameter [24].

kB! = In(>™) (24)

Zoh

Adding equations (22) and (23), equation (21)

becomes:
[{m () m (5}

Therefore, equation (20) becomes:

1
ku,

+ () | (29)

T, =
h Zoh

H. = PCp(Ts_Ta)ku* (26)
s = z—d z—d Zom
[rm oG me |
-d

Zom = 2t @7)
Zop = 0.1z, (28)

The air density p is expressed as:
_ 0.34838Patm (29)

T+273.16

where P,

em 1S the atmospheric pressure.

2.2 Site Description

This study was conducted at the Meteorological
Station located at the Teaching and Research (T
& R) Farm of the Obafemi Awolowo University,
lle-Ife, Nigeria (7.55 °N; 4.56 °E). The period of
measurement was between 2016 and 2019. The
climate of the study area is characterized by two
distinct seasons: the dry season and the wet
season. The dry season extends from November
to March while the wet season runs from April to
October. During the dry season, the north-
easterly winds known as Harmattan, transport
dry and dusty continental air masses from the
Sahara desert where they originate. The wet
season is characterized by frequent occurrences
of rainstorms due to the high moisture content of
the south-westerly airmass. The average annual
precipitation at the study location ranges from
about 1000 mm to 1500 mm. The study area
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experiences a low surface wind with a mean
speed of about 2.0 ms™, typical of tropical
locations [25].

2.3 Instrumentation
2.3.1 Sensible heat flux

An Eddy Covariance (EC) system (shown in Fig.
1) was deployed at a height of 1.8 m for the
measurement of sensible heat flux. The system
consists of 3D ultrasonic anemometer (CSATS3,
Campbell), CO,/H,O gas analyser (LI-7500, LI-
COR) and a temperature-humidity probe,
(HMP60, Vaisala) for the measurements of air
temperature and humidity. The CSAT3 measured
wind speed along its three orthogonal
dimensions at a frequency of 10 Hz. In order to
ensure that the steady-state and stationarity
conditions required to achieve accuracy in
measurements are met, the EC system was
positioned in such a way that the placement of
the fast response sensors were in the ratio 100:1
considering the fetch area.

Fig. 1. The eddy covariance system deployed
at the study location

2.3.2 Routinely-measured
parameters

meteorological

The sensors used for the measurements of the
routinely-measured meteorological parameters in
this study are listed in Table 1.

2.4 Data Acquisition and Reduction

The instrument's manufacturer supplied a
suitable software (LOGGERNET) for the
programming and acquisition of the raw
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Table 1. Sensors used for the measurements of routinely-measured meteorological parameters

Variables Sensors Measurement Range

Solar Radiation Pyranometer (CS300) 0-1750 Wm™

Net Radiation Net Radiometer (NR LITE) + 2000 Wm

Air Temperature/ Relative Humidity Air Temperature/Humidity Probe (HMP45) -40 to +60 °C;
0-100 %

Soil Temperature Soil Temperature Sensor (STP01) -30to +70 °C

Surface Temperature

Surface Sensor (RTD)

-73 to +260 °C

turbulence data acquired using the eddy
covariance system. The data logging was
achieved by using the Campbell Scientific

datalogger system (measurement and control
module) model CR 1000. The signal cables from
the sensors were connected directly to the wiring
panel on the CR 1000 datalogger. On the wiring
panel, there are 16 SE, 8 DIFF analog input
ports, 2 pulse inputs and SDM channels. A
connection of the logger to the computer for
communication was achieved by using USB to
serial module. MircroCal Origin was used for the
analysis, calculations and graphical presentation
of the estimated and measured sensible heat
flux. Spurious flux data were eliminated and the
datasets were subjected to Quality Control (QC)
and Quality Assurance (QA) protocol. The values
of the measured flux were averaged to produce
30 minutes statistics.

All  the routinely-measured sensors were
connected directly to a datalogger model CR10X
through the SE or DIFF channels. Sampling of
the data was done every 10 seconds, saved as
1-minute averaged values and subsequently, the
data were reduced to produce 30 minutes
statistics.

2.5 Statistical Methods for the Evaluation
of Selected Schemes of Estimating
Sensible Heat Flux

The statistical methods used for the evaluation of
the performances of the schemes are listed in
Table 2. The Mean Bias Error (MBE) provides
the information on the tendency of a scheme to
over or under predict the measured values.
Positive MBE implies overestimation while
negative MBE indicates underestimation of the
scheme. The Mean Percentage Difference
(MPD) gives the percentage of the deviances
from the measured values while the Root Mean
Square Error (RMSE) indicates the degree of
scatter that a scheme produces. The Index of
Agreement (IA) indicates the degree of
conformity between the predicted and measured
values. The values of IA vary between 0
and 1.

Values of 1A close to 1 suggest better conformity
than values close to 0. The correlation coefficient
(R) and the coefficient of determination (RZ)
show the level of association and agreement
between the estimated and measured values.

Table 2. Statistical methods used for the evaluation of the performances of the selected

schemes
Statistical Methods Abbreviation Expression
Mean Bias Error MBE 1 oV
~ ) (E—M)
N i=1
Mean Percentage Difference MPD Y(E— M)
Root Mean Square Error RMSE 1
= E; — M;)?
EDMRCELD
Index of Agreement 1A - N (B — M)? :
YL (B — M|+ [M; — M])?
Correlation Coefficient R N (E,— E)y(M;— M)
\/Zliv=1(Ei - E)z §v=1(Mi - M)z
Coefficient of Determination R? 1 >N (B — M;)?
Eﬁv=1(Ei — M)z
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Values of R and R? close to 1 indicate good fit of
the scheme while values close to 0 imply a poor
fit. Typically, low values of MBE, MPD, RMSE
and values of R, R® and IA close to 1 are
desirable for a scheme to accurately estimate the
sensible heat flux.

3. RESULTS AND DISCUSSION

3.1 Monthly Averages of Routinely-
Measured Meteorological Parameters

The monthly average values of the routinely-
measured meteorological parameters used in
this study are presented in Table 3. The monthly
maximum average values of solar radiation (217
Wm), net radiation (131 Wm™) were recorded in
March. March is usually a transition month
between the dry and wet season. This period is
characterised with occasional rain showers which
leads to washouts and significant reduction in
atmospheric turbidity. Consequently, there is less
attenuation of the incoming radiative fluxes
hence, the high values obtained. The monthly
maximum average values of air temperature
(29°C), surface temperature (33°C) and soil
temperature (31°C) were recorded in February.
The obtained values signify that February had
the hottest weather in the study location. The
maximum average value of relative humidity
(88%) was obtained in July and August. This
value is attributed to the frequent occurrence of
precipitation that is prominent during this period,
consequently leading to high atmospheric

Obisesan; AIR, 23(4): 11-25, 2022; Article no.AIR.88277

moisture content. The maximum average value
of wind speed (1.4 ms™) was obtained in April.
This value is attributed to the occurrence of
strong wind that is usually accompanied by
rainfall.

The monthly minimum average values obtained
for solar radiation (125 Wm™), net radiation (83
Wm?), air temperature (25°C), surface
temperature (28°C) and soil temperature (26°C)
were recorded in August. This result can be
explained by the fact that August represents the
‘short dry period’ in the wet season and lasts for
about three weeks [26]. This month experiences
the cloudiest weather throughout the year,
resulting in low irradiance and consequently, low
air, surface and soil temperatures. The monthly
minimum average value of relative humidity (64
%) was recorded in January. This value is
attributed to the dry atmospheric condition that is
prevalent at this period. The monthly minimum
average value of wind speed (0.9 ms™) at the
study location was obtained in the dry season
(January, October, November and December).
This value shows that the dry season is a period
of calm atmospheric condition.

3.2 Estimation of Sensible Heat Flux

The results obtained from the different schemes
both in the dry and wet seasons when compared
with the measured values of Hs from the eddy
covariance system is presented in Figs. 2 and 3
respectively.

Table 3. Monthly averages of routinely-measured meteorological parameters

Solar Net Air Surface Soil Relative Wind

Radiation Radiation Temperature Temperature Temperature Humidity = Speed

(Wm?) (Wm?) ‘o) ©c) ©c) (%) (ms™)
January 179 78 26 30 29 64 0.9
February 185 91 29 33 31 69 1.2
March 217 131 28 32 30 77 13
April 207 130 28 31 29 81 14
May 201 130 28 30 29 83 1.3
June 180 119 26 29 29 86 1.3
July 147 97 26 28 27 88 1.3
August 125 83 25 28 26 88 13
September 161 106 27 28 27 87 11
October 188 121 26 29 28 86 0.9
November 195 115 27 31 29 80 0.9
December 185 87 26 31 29 70 0.9
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In the dry season, the coefficient of
determination, R? of BP, BREB, HU and SMT are
close to unity (0.9, 0.9, 0.8 and 0.9 respectively).
These obtained values of R? indicate that the
estimated values obtained from the schemes
show close agreements with the measured
values. Thus, implying that the schemes are
good fits for estimating Hs at the study location.
However, the low value of R* (0.5) obtained for
ST indicates non-association of the scheme
between the estimated and measured values of
Hs. In the wet season, the values of R* (0.6, 0.7,
0.6, 0.6 and 0.7) obtained from the schemes (BP,
BREB, HU, SMT and ST respectively) imply a
small degree of association between the
predicted and measured values of Hs.

The statistics obtained from the evaluation of the
schemes are presented in Table 4. From the
Table, the MBE values indicate that BP, BREB,
HU and SMT overestimated Hs while ST
underestimated Hs both in the dry and wet

Hs_BP=2.3% Hs _Mea + 10.12
”‘:E":I}.B:
£ )
=|
! a4
4 :-1 1 0
H3 MEA fAim ]
Hs_HU = 2.78 Hs_Mea + 6.55
“Ra] ]
A
!,
I
£ .
o
Hs_ST = 0.62 Hs_Mea + 8.91
Y TR=08]
E
¥,
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seasons. The MRDs show the percentage of
overestimation and underestimation by the
schemes. It was observed that the over and
under predictions by the schemes, were
significant during the daytime (as shown in Fig. 4
for a representative day). This can be explained
by the intense convective activities that are
prominent during this period which causes high
atmospheric instability. Similar results of BP, HU
and SMT over predicting the measured values of
sensible heat flux have been reported in
temperate regions [27].

The overestimation of Hs using BREB has been
linked to the energy partitioning investigations
which revealed that BREB assumes energy
terms at the surface to be balanced. Therefore,
the residual term is not accounted for, by the
method. As a result, the estimated values of Hs
using BREB are wusually higher than the
measured values from the Eddy Covariance
system [18].

Hs_BREB = 1.51 Hs_Mea + 4.23
CETT
[
g
I ™ W m =
Hs MEA (Wm™)
Hs_SMITH = 2.81 Hs_Mea + 13.03
=R =0m] ]
=
Eml
i |
£

Fig. 2. Comparison of estimated and measured values of sensible heat flux during the dry
season
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Hs_BP=0.92 Hs_Mea+9.90

Hs HU =104 Hs Mea+8.74
R'=0%5

He_HU ™)

Hs ST=055Hs Mea =628
R

He ST (W)

L 125

25 0 -'I=
Hs_MEX (Wm?)
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Hs BREB =0.67 Hs Mea+5.13

i

f‘

Hs_BRES jWm™)
B & B 8

Hs SMITH=103 Hs_Mea + 13.07

b

R=

Hs_SWITH |Wm S

Fig. 3. Comparison of estimated and measured values of sensible heat flux during the wet
season

Table 4. Statistical evaluation of selected schemes of estimating sensible heat flux during the
dry and wet seasons

Schemes Dry Season Wet Season
MBE MPD R RMSE 1A MBE MPD R RMSE IA
Wm?®) (%) (Wm) (Wm?®) (%) (Wm*)
Berkowicz and 6.9 4.4 0.8 419 09 374 9.1 09 647 0.7
Prahm (BP)
Bowen Ratio 7.2 1.7 09 287 09 14.2 4.1 09 323 0.9
Energy Balance
(BREB)
Holstlag and Van 7.5 7.1 0.8 52.0 09 4.2 28.3 09 723 0.7
Ulden (HU)
Smith (SMT) 6.3 14.4 0.8 527 09 120 48.6 09 83.2 0.6
Surface -3.8 10.7 0.8 27.3 09 -11 1.3 0.6 36.8 0.8

Temperature (ST)

The under-estimation by the ST scheme can be
linked to the surface temperature which is an
important parameter in the formulation of this
scheme. The values of surface temperature are
lower on a grass-covered surface due to the
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presence of canopy, hence minimal radiative
heating. Consequently, there is a decrease in the
values of Hg estimated from the ST scheme.
Similar results were obtained by Stewart [28] and
Adeyemi et al. [29].



The RMSE values produced by the schemes
during the wet season are higher (about 70%)
than those obtained during the dry season. This
implies that the schemes produce high level of
scatter points in the wet season than in the dry
season. This is an indication that the wet season
is influenced by cloudiness and high atmospheric
moisture  content  that randomize the
measurements of some crucial atmospheric
variables such as the solar radiation. This in turn
affects the values of sensible heat flux obtained
during this period. However, the dry season is a

period of clear weather conditions, hence
200 —m—Hs_BP
|=0-Hs MEA|
& 250 ]
: /"-'\ y
= | ]
§200< - L \.I.
p
I-L150~
E / 0 .\
T 100 o 'O\'
w .
a IOQQPQPOA
2 a0 ®
<£ 50 o .I '° o "\
7] / oo
D Somlil

T T T T T T T T
03:00 06:00 09:00 12:00 15:00 18:00 21:0024:00:00
LOCAL TIME (Hr)

—m=Hs_HU
=0=Hs_MEA

IS
S
3

300

/ Y 'I.\."

T T T T T T T T
03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00:00
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spontaneous  obtainability of atmospheric

variables observed at the surface.

The IA obtained for all the schemes in both
seasons are relatively good. All the schemes
have the same IA value of 0.9 in the dry season
signifying a good agreement of the predicted and
measured values of Hg by the schemes. From
the statistical evaluation, BREB has a high R?,
high R, high IA, lowest MPD, lowest RMSE and
lowest MBE in both seasons, therefore, it was
adjudged the best performing scheme in the
study location.
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Fig. 4. Diurnal pattern of Hs indicating the deviances between the estimated and measured
values of Hs
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3.3 Validation of the Selected Schemes

The regression coefficients obtained from the
least square fits of the different schemes (in Figs.
2 and 3) were evaluated on a new data set
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(2019) for the two seasons in order to validate
the schemes. This was with the aim of improving
the accuracy of the schemes. The results
obtained after the validation showed significant
improvements in the performances of the
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Fig. 5. Selected schemes of estimating Hs (a) before and (b) after validation in the dry season
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Fig. 6. Selected schemes of estimating Hs (a) Before and (b) after validation in the wet season

schemes as shown in Figs. 5 and 6 (for one
representative day, each) for the dry and wet
seasons respectively. In the dry season, MBE
values of 7.0 Wm?, 12.4 Wm?, 7.0 Wm?, 15.4
Wm? and -2.7 Wm? were calculated for BP,
BREB, HU, SMT and ST respectively before
validation and then reduced to 1.9 Wm™, 2.3
wm? 2.4 Wm? 1.0 Wm? and 1.6 Wm?
respectively after validation.
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Also, in the wet season, the MBEs
obtained for BP, BREB, HU, SMT and ST
before validation are 22.7 Wm'z, 19.2 Wm'z,
346 Wm? 305 Wm? and -224 Wm?
respectively. After adjustment, the MBEs
reduced to 9.6 Wm?, 4.4 Wm?, 8.7 Wm?, 6.3
wm? and -2.3 Wm? for BP, BREB, HU, SMT
and ST respectively.



The improvements obtained from the validation
imply that the schemes will produce accurate
estimations of sensible heat flux when the
obtained regression coefficients are employed in
the schemes. This in turn will improve the
applicability of sensible heat flux in the surface
energy budget at a tropical location.

4. SUMMARY AND CONCLUSION

In this study, the performances of selected
empirical schemes for calculating sensible heat
flux based on routinely-measured meteorological
parameters at a tropical site inside the Teaching
and Research farm (7.55°N; 4.56°E) of Obafemi
Awolowo University, lle-Ife, Nigeria; have been
evaluated. The direct measurement of sensible
heat flux was obtained from an Eddy Covariance
(EC) system set up at the same study location
and used as benchmark for validation of the
different schemes. The period of study was
between 2016 and 2019.

The schemes that were selected for calculating
sensible heat flux in this study are the
aerodynamic resistance schemes such as:
Berkowicz and Prahm (BP), Holstlag and Van
Ulden (HU), Smith and Surface Temperature
(ST) schemes; and the Bowen Ratio Energy
Balance (BREB). The choice of selecting these
schemes was due to the availability of data for
the various input parameters.

The result from the estimation of the schemes
revealed that the MBE values of 6.9 Wm?, 7.2
wm?, 7.5 Wm? 6.3 Wm™ and -3.8 Wm? were
obtained for BP, BREB, HU, SMT and ST
respectively in the dry season. In the wet season,
BP, BREB, HU, SMT and ST had MBE values of
37.4 Wm?, 14.2 Wm?, 4.2 Wm?, 12.0 Wm™? and
-1.1 Wm? respectively. The MBE and RMSE
values were higher in the wet season than in the
dry season. This implies that the schemes
performed better in the dry season than in the
wet season. Also, the over and under prediction
of the schemes were prominent during the day
time due to the atmosphere being unstable at
this period. The study rated BREB as the best
performing scheme in the study location. In order
to improve the accuracy of the schemes, the
regression coefficients obtained from the least
square fits of the schemes, were applied on a
new data set in year 2019 in order to validate the
schemes. The result showed significant
improvements in the schemes which is of great
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importance in the application of sensible heat
flux.
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