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ABSTRACT

Surface temperature (Tg) is vital to the study of land-atmosphere interactions and climate variabilities. However,
observed T;data are still very scarce in humid tropical region. There is therefore a need to parameterize and improve the
representation of Ts in Global Climate Models using available meteorological data. Six land surface temperature
parameterization approaches (Force restored, Liebethal, Holtslag, Equilibrium Gradient, Tracy and Gottsche approaches)
were validated with actual measurements using the Nigeria Micrometeorological Experiment (NIMEX) surface layer
observations. The Liebethal approach showed the best agreement with the measured data with average coefficient of
determination, mean bias error and root mean square error of 0.96 £ 0.01, 0.08 £ 0.04°C and 0.85 + 0.14°C, respectively,
in simulated Ts. The results also showed that the Force restored and Tracy approaches are applicable for land surface

temperature parameterization in this region.
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1. INTRODUCTION

Surface temperature ( 7s) is needed in the computation of
the turbulent heat fluxes as well as the terrestrial
radiation in weather and climate studies [1-2]. It is also
important to understand that the diurnal variation of 75
constitute one of the principal indicators of climate
change[3-7].Despite the vital importance of diurnal 75
data in computation of heat fluxes, they are still not
available in most synoptic stations over West Africa.
There is therefore a need to parameterize, assess and
improve the representation of 75in weather and climate
simulations [8-10] because bias is expected from
parameterizations.

Several surface layer parameterization approaches have
been employed to parameterize surface temperature
using diurnal data in arid and semi arid regions, some of
them use only atmospheric information while others
require measurements in the soil. They all validated their
parameterization approaches using measured data from
the specific regions. For instance, the Equilibrium
Gradient approach (Lucre and Tarbortan, [11],
hereinafter referred to as EG) and Holtslag approach
(Holtslag, [12], hereinafter referred to as HA), have been
widely used in weather forecasting models, Idso et al
[13]. Smith approach (Smith and Blackall, [14], SM) has
been used in a land surface model to estimate surface
temperature [15]. Also, the Liebethal approach (LI) was
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derived from energy balance experiments using soil
temperature measurement at two depths [14]. Tracy
approach (Tracy et al, [16], TR) assumed constant
emissivity in the estimate of surface temperature using
energy budget theory. Gao et al [17] introduced the
details of Force-Restore approach (FR) and had been
incorporated in a land data assimilation system of arid
and semi-arid regions. Gottsche and Olesen [18]
developed semi-empirical diurnal temperature cycle
approach (GO) using maximum and minimum daily 7
The implementation of this GO approach may face some
difficulties in this region, because daily 7;data are not
readily available. Adeniyi and Nymp has [19] estimated
surface temperature from soil temperature measured at
5 cm depth and also from 1 m air temperature using
regression analysis.

Most of the existing T
parameterization approaches have not been validated
over West Africa. Nigerian Micrometeorological
Experiment (NIMEX) is one of the few experiments over
West Africa which provides direct measurement of land
surface temperature and other climate data at various
time intervals of interest [20-22]. With the NIMEX data, it
is possible to implement and validate some of the above
mentioned surface temperature parameterization
approaches in the tropics. This paper therefore aims at

above mentioned
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evaluating the performance of six
parameterization approaches.
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Fig. 1: Map showing the position of the measurement
site (Ile-Ife) in Nigeria.

2. MATERIAL AND METHODS

2.1 Experimental Site and Methodology

Nigeria Micrometeorological Experiment (NIMEX) [20]
was conducted at Ile Ife, Nigeria (Latitude 7°33'N and
longitude 4°33’E) during the transition period from dry
to wet season (Fig. 1). The period of intensive
observation was from 19t February to 9t March, Day of
the year (DOY) (DOYs 55-70) in 2004. This site is located
in the humid equatorial region of West Africa and the
climatic region is Aw class according to Koppen
classification [23]. This site is at the attitude of 288 m
above sea level and its vegetation can be characterized as
fallow bush-land [21]. The ground surface of the site is
flat and homogenous. The soil is loamy sand and it is at
its permanent wilting condition at the beginning of the
experiment [20 -21]. The acquisition of data was
achieved by using Campbell Scientific data logger
systems (measurement and control module) approach
CR10-X. The surface temperature was measured using
Infrared thermometer (Heitronics) remotely sensing the
ground at the height of 1.8 m, with measurement
accuracy of+1°Cand sampled every 1 s (averaged to
produce 10 min and 30 min statistics). Simple visual test
according to Foken [24] was used on daily basis to check
the quality of the basic meteorology variables (slow
response). The maximum and minimum surface
temperatures observed during the period of the
experiment were48.44°C and 32.54°C respectively.The
annual rainfall amount is 1225 mm [25].

2.2 Surface Temperature Parameterization Approaches

The selected 7 parameterization approaches are the
Force-Restored Approach (FR), the Equilibrium Gradient
Approach (EG), Holtslag Approach (HA), Liebethal
Approach (LI), Gottsche approach (GO) and Tracy
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approach (TR). The working principles and
mathematical expressions of these 7 parameterizations
are tabulated in Table 1.0. The six selected
parameterizations are quite demanding in terms of data
requirement and the implementations, and some of the
input data are not available in routine synoptic stations.
However, they are all available in NIMEX data set. Also,
their algorithms are widely applied [11-19], and their
good performances in other regions are well
documented. These Tiparameterizations are yet to be
fully explored in this region.

The FR and EG parameterizations require the estimation
of the optimal depth which was found to be 0.0700 m,
from the NIMEX data; this value has a close agreement
with the 0.0853 m given by Stull [26]. Also, the
assumption of a constant value of p in the EG expression
for ground heat flux Qg (Qg=pQs, where Qs is the net
radiation and p is taken as 0.3) gave a large error. To
minimize this error, the measured Qg was used in EG
parameterization. The HA resulted in numerical
instabilities in stable (neutral) conditions. To solve this
problem, stability correction according to Richardson
number was included in the parameterizations for both
stable and unstable atmospheric conditions. LI
calculates Tsfrom the ranges of soil temperature 77 and
Tt the depths, z; (5 cm) and zz(10 cm). Though, the
approach was originally formulated for only the daytime
parameterization of 7 it was tested for both unstable
and stable conditions, since data are available for whole
day. Tracy approach was used to estimate 7; under
steady state condition, since neutral condition is very
rare in this part of the tropics. The convection transfer
coefficients for different surfaces were calculated under
different atmospheric conditions. In G.0., the attenuation
constant was derived by making the first derivatives of
the two functions (74 and Thigne) equal at the tropicals
unset time £ (Table 1).

To evaluate the accuracy of different surface
temperature parameterization approaches, their results
are compared to the measured data using statistical
means: Mean Bias Error (MBE), Root Mean Square Error
(RMSE) and coefficient of determination (72). The MBE'is
the average deviation between estimated and measured
data. The RMSE is average positive distance between
estimated and measured data. The MBE and RMSE are
given as

i (Ty(Estimated) — T, (observed)

MBE = 1
_ - &)
=1
= (T, (Estimated) — T,(observed))?
RMSE = Z 2 2 (2)
. n
i=1
where n is the number of observation [27].
Vol. 36, No. 2, April 2017 396



EVALUATION OF LAND SURFACE TEMPERATURE PARAMETERIZATION APPROACHES USING SURFACE ... R. T. Akinnubi and M. O. Adeniyi

Table 1: Overview of the tested parameterization approaches: names and abbreviations of the approach, section in the
text giving details on the approach

Approach(s) Expressions Theories/assumptions Reference(s)

The Force-Restored _ ; . o .

Approach (FR) Ty = Ty + Asexp(—Va2)sin(w;(G — ji) — vaz]) Thermal Diffusion Equation [16]

The Equilibrium Gradient _ Qsrd e .

Approach (EG) T, =T, + h Thermal Diffusion Equation 9]

_ T. Zy Zon Zom Monin-Obukhov Similarities
Holtslag Approach (HA) T, = Ty += [In (Z) ~ i (Z21) + (T)] Treon [0]
Liebethal approach(LI) T, =T, + T, exp <z - ) Thermal Diffusion Equation [14]
27 4

Tracy Approach (TR) T,

— Ta + Q - Ke(hcq; - QI) - SO_T:

Surface Energy Budget Theory  [15]

T.(day)(t) = T, + T, cos <g (t - tm)> t<t,

Gottsche Approach (GO)

> t,,

T,(night)(t) =T, + T, cos <g (t— tm)) e_(%)t

K, + AK,s + 4 0T}

Thermal Diffusion Equation/

Newton’s Law Of Cooling [17]

Meaning of symbols: Qs— Net Radiation, As— Surface Amplitude, T,— Air Temperature, z- height of Ta,y,- Damping Depth, w;- Angular
Velocity, r-dimensionless parameter, 1- effective distance, k-Von Karma Constant, z,, - Roughness length due to heat transfer, z,,,-
Roughness length due to momentum, L- Monin-Obukhov length,T; andT, - Soil Temperature at two different depths, K, — Convection
Transfer Coefficient, h, — Humidity of the air in the equilibrium g3- saturated vapour density, - emissivity o — Stefan-Boltzman constant,
s-slope of the saturated vapour density function, T,maximum air temperature-, t,,-the time at which the temperature reaches its
maximum k — the attenuation constant,t,- starting time of the free attenuation, d- damping depth, 1, and i,,, are universal stability
functions for heat transfer and momentum respectively, g, — specific humidity.

3. RESULTS AND DISCUSSION

3.1 Results of the Surface Temperature Parameterization
Approaches

The diurnal of the
temperature (7s) as compared with measured data for
wet and dry days are represented by Figs. 2 a and b
respectively. The period of investigation was
characterized by weak wind (< 3.0 ms-1) and the results
of the validated 7; parameterizations for this site

variations simulated surface

presented in Figs. 2 a and b can be summarized as
follows.

The EG strongly underestimated the measured 7; during
the early hours of the morning by 5°C to 6°C and night
period (59C to 8°C), while it overestimated it slightly
(2°C to 3°C) during the mid-day hours for wet days (Fig.
3a). The same pattern was estimated for dry days except
for the large overestimation of about 9°C to 10°C (Fig. 2
b) during the mid-day hours. It could be deduced that EG
favoured mid-day 7, parameterization during the wet
days than dry days. In other word, the EG might not be
suitable for mid-day 75 simulations for dry days. The
large overestimation and underestimation in simulated
T; during the transition period from dry to wet days
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could be attributed to the change in the diurnal values of
soil moisture which was very high for wet days (mean
value = 0.167 m3m-3), and very low for dry days (mean
value = 0.049 m3m-3). The effective depth (Zg) in the EG
parameterization varies with time and space, and is
affected by soil type, structure and meteorological
conditions. The HA strongly underestimated 7, during
the early hours of the morning (about 7°C ~ 10°C),
during the mid-day hours (10°C ~ 15°C) and during the
night-time hours (10°C to 25°C) for both wet and dry
days (Fig. 2a and b). These findings revealed the poor
performance of HA in 7; parameterization for both wet
and dry days. It could also be deduced that HA simulation
does not favour tropical atmosphere condition especially
area where low-wind speed is prevalent.

The GO slightly underestimated 7;during the early hours
of the morning (about 4°C to 89C), and slightly
overestimated it (about 29C to 3°C) for mid-day period
for both wet and dry days (Figs 2a and b). The night time
simulated 75 value showed good agreement with the
measured data, though a slight underestimation was
observed for DOY 57. Generally, the performance of the
GO approach was consistent for stable atmospheric
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condition during the transition from dry to wet periods.
The findings also show, that GO might not be appropriate
for the experimental site in this humid region, especially
during daytime period. Also, the implementation of the
GO might face some difficulties in the region because of
the dearth of 7; data from routine meteorological
stations in this region.

The LI approach showed closeness to the measured data
during daytime, with slight overestimation (about 1°C)
during the early hours of the morning for both wet and
dry days respectively. The performance of LI also
showed a strong agreement with the measured data
during the mid-day hours. During the night-time, a slight
overestimation of about 0.1°C to 0.29C was also observed.
Thus, LI performance was better when compared with
other parameterizations. However, its implementation
might be peculiar to experimental site with soil
temperature data measured at two depths. In contrast to
the LI approach, the TR simulated 75 also had a better
agreement with the measured data for early hours of the
morning, with slight overestimation of about 0.7°C to
4.50C for both wet and dry days. The performance of the
TR during night-time was poor for both wet and dry
periods with wet days having poorer performance. It
could be deduced that TR would be suitable during the
daytime for both wet and dry days. This implies that the
behaviour of TR is affected by some meteorological
conditions during the transition period. The zero-surface
water potential approximation (wet days) when solving

55+
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for T;from the surface energy balance equation may also
cause the overestimation during the night-time period.
This assertion was confirmed by the findings of Campbell
and Norman [28] and Monteith [29]. The inconsistency
in the behaviour of TR during the transition period
makes it unsuitable for use at the site. Furthermore, Figs
3a and b revealed that the daytime 75 value from Force-
restored approach was underestimated by 2 °C to 3 °C for
both wet days and dry days. It can be concluded that the
FR approach reproduced the 7; data very well for all
conditions encountered during NIMEX, especially for
unstable conditions. Lin [30] points out that the depth of
the upper soil layer is essential for good results of T
And, in the course of the analysis, the optimal depth was
found to be 0.0700 m, which closely agreed with the
0.0853 m given by Stull [24].

The wet and dry composite comparisons of the measured
surface temperature with simulated surface temperature
using different 7 parameterization at Ile-Ife site are
illustrated in Fig. 3 (a - b). The overall performance of
some parameterizations like EG and HA showed large
deviations from the measured data during the early
hours of the morning and late hours of the night-time.
The LI and FR yielded better results, with an average low
bias during stable conditions. During the daytime, except
for LI and FR, greater fitting errors were found around
sunrise and noon. However, during early hours of the
night-time, all the selected parameterizations except HA,
described the diurnal pattern of variation of 7.
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Fig. 2 (a): Comparison of measured surface temperature with approached surface temperature using difterent
approaches at Ille-1Ife site on DOYs 55 - 57 (Wet Days), 2004.
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Fig. 2 (b) Comparison of measured surface temperature with approached surface temperature using different
approaches at lle-1fe site on DOYs 60 - 62 (Dry Days), 2004.
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Fig. 3 (a): Composite Comparison of measured surface
temperature with approached surface temperature using
different approaches at lle-Ife site on DOYs 55 - 57 (Wet
Days), 2004.

3.2, Evaluation of the Performance of the Surface
Temperature Parameterization Approaches
The scatter plots showing the simulated surface
temperature versus the measured data for Ile-Ife site are
shown in Fig. 4. The scatter from EG were considerably
large (Fig. 4). This revealed partly strong
overestimations for large values of 7;during the mid-day
hours. The MBE values of -4.04°C and -6.28°C
respectively for wet and dry days revealed strong
underestimations for small value of 75 for early hours of
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Figure 3 (b): Composite Comparison of measured surface
temperature with approached surface temperature using
different approaches at lle-Ife site on DOYs 60 - 62 (Dry
Days), 2004.

the morning and late hours of the night-time, and large
values of RMSE were also obtained for both unstable
(7.159C ~ 14.12°C) and stable (7.61°C ~ 11.43°C)
conditions during both wet and dry days. This was also
confirmed by the amount of scatter seen in Figure. 4 a.
the advantage of the EG is that it requires only few input
data. However, this was outweighed by Ilarge
discrepancies between the measured and simulated
parameters. For HA, the scatter and RMSEs (3.50°C ~
4.26°C for unstable condition; 1.71°C ~ 3.83°C for stable
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condition) are remarkable large, and the MBE values (-
0.179C ~ 0.32°C) revealed strong underestimations for
stable and unstable conditions, but the average 72 values
were high (0.65 ~ 0.78).

Furthermore, for GO, the findings revealed that the
scatter (2~ 0.56) was relatively large with outliers along
the regression line (Fig. 4 f). The average RMSE ranged
from 1.059C to 8.699C for wet and dry days respectively.
There was high 72 between the observed and estimated
T, despite the observed large scatters for night-time 7%
parameterization for dry days (2~ 0.30). For LI
approach, the scatter was relative small, with average 2
values ranging from 0.67 to 0.95 for both unstable and
stable atmospheric conditions. The RMSEs (0.719C ~
1.58°C) were of medium size compared to the other
parameterizations. The negative MBE values (-0.019C~ -
0.059C) showed a slight underestimation for small value
of 7. The LI showed a good agreement with the
measured data (The average of 2, MBE and RMSE in
simulated 7swere 0.96 + 0.01, 0.08 + 0.04°C and 0.85 +
0.14°C respectively)

The TR approach had large scatter, with 72 values ranging
from 0.63 to 0.68 for wet and dry days respectively. A
slight underestimation was observed for large values of
7y, (MBE = -0.02 9C — -0.04°C). The daytime 7§
parameterization evidently improves the linear
regression and the statistics of the TR. However, this
does not remove the fact that the night-time 75
parameterization is still poor (2 values ranging from
0.02 to 0.24), with RMSEs ranging from 3.12°C to 3.90°C
respectively. Obviously, the influence of the ambient

conditions on night-time 7 and variation of metrological
condition from night to night might constitute to the
poor performance at night-time.

The FR had a small scatter and for the 24 hrs version of
approach, the MBE values ranged from -0.05°C to -0.08
0C, indicating a slight underestimation for small values of
Ts during the early and late hours of the day. The low
RMSEs obtained ranged from 0.68°C to 2.16°C, with high
2 values ranging from 0.68 to 0.88 for daytime period,
and low rZ values of 0.41 to 0.44 for night-time period. It
could be deduced that the FR did not favour the night-
time simulation especially during dry days, despite its
small scatter.

4. CONCLUSION

Six different documented parameterization approaches
that calculate land surface temperature have been tested
over a bare soil surface to evaluate their performance in
order to determine the best approach for use at the
humid tropical region. Findings revealed that, the
Liebethal approach has the best performance over this
region. The Liebethal approach gave high value of
coefficient of determination and least error values
between measured and estimated surface temperature.
The work also suggests that some parameterization
approaches like Force restored and Tracy approaches
are also suitable for the land surface parameterisation in
this region, though their operational principles may be
quite demanding in terms of data requirement and
implementation.
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Fig. 4: Scatter plots showing the approached surface temperature vs the measured data for DOYs 55-70, 2004.
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Table 2 a: Parameters of the linear regression (slope a, intercept b and coefficient of determination. r?) as well as MBE
and RMSF for the tested parameterization approaches with respect to the measured values for wet periods and dry
period, DOYS 55-70, 2004

. Unstable Stable Period | Full- Day . Unstable Full- Day
Parameterization Approaches Parameter Period (Wef) (Wet) (Wet) Stable Period(Dry) Period(Dry) o)
a- best-fit slope 1.40 2.04 2.04 3.88 0.56 3.7
FQUUBRUMGRADENT | 0a TP | T | e | s | o b2 | os
APPROACH(EQ) oS T ' ' ' : ' '
MBE (°C) -4.04 6.28 410 -5.03 5.44 3.03
RMSE (°C) 7.16 7.61 11.16 14.12 11.43 13.58
a- bestfit slope 0.92 1.24 117 1.28 1.42 0.96
b- intercept -2.89 -16.11 -13.17 -20.45 -24.77 -8.96
HOLTLAG APPROACH(HA) best-fit -r2 0.53 0.24 0.78 0.67 0.58 0.65
MBE (°C) -0.32 0.34 0.14 0.13 -0.36 -0.17
RMSE (°C) 4.26 3.83 3.56 3.66 1.71 3.13
a- best-fit slope 0.46 1.62 1.36 2.64 0.57 2.63
b- intercept -10.47 -13.98 -21.46 -69.70 2.74 -69.78
GOTTSCHE APPROACH(GO) | best-fit -r2 043 0.74 0.67 0.30 0.52 0.56
MBE (°C) -0.39 0.41 -0.16 -0.06 0.41 -0.08
RMSE (°C) 7.66 6.51 6.99 8.69 1.05 8.22

Table 2 b: Parameters of the linear regression (slope a, intercept b and coefficient of determination. r?) as well as MBE
and RMSF for the tested parameterization approaches with respect to the measured values for wet periods and dry
period, DOYs 55-70, 2004

Unstable Stable
Parameterization Approaches Parameter Period Period Fu\l/l\-/ Eiay P S.tzblg PUps(tjatsle FuH[; Day
(W) (W) (Wet) eriod(Dry) | Period(Dry) |  (Dry)
a- best-fit slope 0.86 0.79 0.97 1.00 040 1.94
b- intercept -4.73 14.42 -7.25 243 53.92 -6.25
TRACY APPROACH(TR) best-fit -r2 0.69 0.24 0.63 0.69 0.02 0.68
MBE (°C) -0.05 -0.15 -0.05 -0.04 0.15 -0.04
RMSE (°C) 147 3.96 1.16 2.53 3.52 243
a- best-fit slope 0.65 0.66 0.56 0.62 0.40 0.67
b- intercept 12.75 11.62 12.95 11.44 14.56 8.52
FORCE-RESTORED APPROACH(FR) best-fit -r2 0.68 0.41 0.93 0.85 0.44 0.89
MBE (°C) 017 -0.07 -0.05 -0.06 0.14 -0.08
RMSE (°C) 2.15 2.16 0.46 2.91 1.99 0.88
a- best-fit slope 1.18 1.62 0.70 0.64 0.56 0.56
b- intercept 6.88 -31.98 14.21 16.37 2.58 9.02
LIEBETHAL APPROACH(LI) best-fit -r2 0.90 0.93 0.95 0.86 0.85 0.67
MBE (°C) -0.01 0.27 -0.03 -0.03 0.03 0.01
RMSE (°C) 0.71 1.58 0.06 0..79 0.61 0.03

5. RECOMMENDATION

The modelling of diurnal pattern of surface temperature
using Liebethal approach generally was better with least
error values for both stable and unstable atmospheric
conditions. The major advantage of this LI approach is
that it provides users with conventional mathematical
functions and physical interpretation, and this method
can easily be adopted in most meteorological stations
where soil temperature data are available. However, the
limitation of the LI is that the implementation may be
limited to few stations in humid tropical region with
similar meteorological conditions observed at the NIMEX
site.
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