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Eddy Covariance Measurements of Turbulent
Heat Fluxes over a Grass-Covered Surface in a
Tropical Location

ABSTRACT

In this study, an Eddy Covariance (EC) system was deployed to measure the turbulent
heat fluxes (sensible and latent heat fluxes) at a farmland located at Obafemi Awolowo
University, lle-Ife, Nigeria. The period of measurement was between 2016 and 2019.
The surface of the measurement area was covered by grass (Axonopus fissifolius) and
changes from leafy-green during the wet season to dry twigs during the dry season. The
sensible heat flux, Hs obtained ranged between -0.8 and 181.9 Wm™ while the latent
heat flux, H, varied between 0.9 and 218.0 Wm*2. The maximum daytime value of Hg
peaked in January while the maximum daytime value of H, peaked in October. The
sensible heat flux was 59 % higher than the latent heat flux during the Harmattan months
(January, February and December), while the latent heat flux was 63 % higher than the
sensible heat flux during the wet months (April - November). The study concluded that
91 % of the energy available at the surface during the period of study, was used for
evapotranspiration while only 9 % was used for sensible heating as shown by the

distribution of the Bowen ratio.

Keywords: Eddy Covariance, Turbulent Heat Fluxes, Sensible Heat Flux, Latent Heat

Flux

1. INTRODUCTION

Understanding land-surface-atmosphere processes in different climatic regions are
essential for applicable regional climatic projections. Changes in land-surface-

atmosphere fluxes such as fluxes of carbon dioxide, water and energy are regarded as
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indicators for climate change on regional and global scales due to the ecosystem being
influenced by varying environmental conditions [1]. These fluxes influence the evolution
of weather phenomena and weather statistics, as the vertical and horizontal structure of
the Atmospheric Boundary Layer (ABL) is varying instantaneously to changes in surface

fluxes.

The turbulent heat fluxes (sensible and latent heat fluxes) are essential in the exchange
of energy between the land surface and atmosphere [2,3]. They control the features and
development of the boundary layer, such as the surface temperature, humidity and
thermodynamic behaviour [4]. These energy fluxes are also crucial in the general
circulation models (GCM), air pollution dispersion and mesoscale air flow [5,6]. A study
conducted by Katavoutas et al. [7] pointed out that human comfort is dependent on the

surface convective heat fluxes.

The sensible heat flux (Hy) is the energy transfer from the surface to the overlying air. It
can also be defined as the vertical temperature gradient of the turbulent transport of
heat. That is, it is driven by the difference in the temperature of the earth’s surface and
the atmosphere [8]. The main mode of transfer of Hs at the surface-air interface is
conduction through molecular exchanges. The sensible heat flux 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. It determines the mixing strength of the
atmosphere, air pollution dispersal and mesoscale air flow. The sensible heat flux (Hg)

can be represented as:
aT
Hg = pcpKy e (1)
where p is air density, c, is the specific heat capacity for constant pressure, K is Eddy
diffusivity of heat, T is the change in temperature and 9z is the change in height.

The latent heat flux is the heat flux from the surface to the atmosphere which is
associated with evaporation and transpiration of water at the surface and subsequent

condensation of water vapor in the atmosphere [8]. It can also be described as the
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transfer of energy which occurs as a result of moisture gradient between the surface and
the immediate atmosphere. It is driven by the difference in vapour pressure exerted by
the water vapour molecules and the immediate air above it. The latent heat flux can be

expressed as:
a
H = pAKEi @)

where p is air density, 1 is the specific heat of evaporation of water, K is Eddy diffusivity

of momentum, dq is the change in vapour pressure and dz is the change in height.
2. THE EDDY COVARIANCE METHOD

The Eddy Covariance (EC) technique is a well-known and defensible approach for the
quantification of turbulent exchanges of energy and trace gases between a given
ecosystem at the earth’s surface and the atmosphere [9]. Using this method, the net
transport of the eddy fluxes between the surface and the overlying air is one-dimensional
and the vertical flux density is equal to the covariance between the turbulent fluctuations
of the vertical wind and the scalar to be transported [10,11]. The EC method became
widely used in the early 1990s in the ecological community for the monitoring of water,
carbon and energy exchanges in an ecosystem due to its ability to measure in quasi-
continuous, long-term manner with minimal disturbance to the ecosystem [12]. Several
researchers such as [13,14,15,16,17] have used the EC system to measure fluxes of
turbulent heat for the understanding of the ecosystem, testing of land surface models
and predicting the responses of the atmosphere to changes in average and severe

climate conditions.

The Eddy Covariance (EC) system is the most direct, independent and reliable
measurements of sensible and latent energy fluxes [18]. It is comprised of a 3D
ultrasonic anemometer for the measurement of u, v, w components of wind speed and
an infrared gas analyzer for the measurement of corresponding scalar such as CO,,
H.O, etc. The instrument is capable of sensing the rapid fluctuations in temperature and

wind speed with the largest time resolution [19]. The accuracy of its measurement
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technique is dependent on the utilization of correction methods such as tilt correction,
spectral correction and application conditions such as steady-state conditions [20]. The
most challenging aspect of its methodology is the satisfaction of the requirements of
horizontally homogenous surface and steady-state conditions. This method has
implemented many turbulent structure assumptions and has also incorporated a lot of
correction factors in its measuring techniques which contributes to the accuracy of the

turbulent fluxes [21].

The EC method generally considers a fetch-to-height ratio of 100:1 to be adequate [22].
Circulation of the eddy size influencing the vertical transfer of air motion generates a
range of frequencies that are essential for the EC system measurements. Therefore, the
EC sensors are responsive to high frequencies such as 10 Hz, and the averaging time
for the co-variance have low frequencies of the order of 0.01 Hz or less [22]. A 30
minutes or 60 minutes averaging time is frequently used. The key advantage of the EC
approach is that there are no assumptions regarding surface properties, such as zero-
plane displacement, aerodynamic roughness, or measurement height and no changes

are required for atmospheric stability [23].

The method is dependent on numerous assumptions about the surface of interest and
the atmospheric conditions during measurements, therefore, appropriate procedure of
the instrumentation is required. This will enable minimization of errors and increase the
quality of the measurements. Afterwards, a thorough post-field raw data processing and
quality control are needed to determine the fluxes from raw measured variables
(temperature, wind statistics and gas concentrations). The aim of this research is to
study the variability of turbulent heat fluxes as measured by the Eddy Covariance system

on a grass-covered surface in lle-Ife, Nigeria.

3. METHODOLOGY

3.1.  The Study Site
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The experiment was conducted at the Teaching and Research (T&R) Farm, Obafemi
Awolowo University (O.A.U), lle-Ife (7.53 °N; 4.54 °E; altitude 300 m above the sea level,
a.s.l), Nigeria as shown in Fig. 1. According to the Koppen-Geiger climate classification
[24], the climate is characterised as alternating wet and dry periods between March/April
to October and November to February, respectively. The wet season is categorized by
recurrent rainstorms due to the high moisture content of the south-westerly airmass.
However, during the dry season, there is transport of dry and dusty continental air
masses by the north-easterly winds known as Harmattan from the Sahara desert. The
Harmattan period usually peaks in January/February. The measurement site is 50 m
x100 m square and covered by grass (Axonopus fissifolius) which alters from leafy-
green during the wet season to dry twigs during the dry season. The relative humidity in
the early mornings is usually about 80% but in the dry season it drops to about 70% or
even less. The solar radiation received is always high throughout the year due to the
proximity of the location to the equator with maxima values of 1100 and 800 Wm™ at

about 13:30 Local Time (LT) in March and August respectively.
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3.2. Instrumentation

An Eddy Covariance (EC) system as shown in Fig. 2, comprising of a 3D ultrasonic
anemometer (CSAT3), an open path infrared gas analyzer, (LI-7500) and a temperature-
humidity sensor, (HMP60) was used for the measurements of turbulent heat fluxes at the
site. The EC system was deployed at the height of 1.81 m above the ground. The
system was positioned at the centre of the measurement area such that its fetch was
adequate (all sides) to ensure that fetch-height ratio of 100:1 was maintained. This is to
ascertain that both the horizontal homogeneity and the steady-state (stationarity)
conditions were met. The CSAT3 (Campbell Scientific, Inc.) comprises of a pair of three
orthogonal transducers that measures the wind components u, v and w using ultrasonic
pulses along the three non-coplanar ray paths, x, y, z. The pair of transducers has a
vertical and horizontal measurement paths of 10 cm and 5.8 cm respectively, a path
angle of 60° from the horizontal direction and a diameter of 0.64 cm each. The CSAT3
was oriented facing the North direction. This was to ensure that the positive horizontal x-
axis points to the true North. The anemometer head is integrated with a spirit level
bubble to align the sensor in a horizontal plane. The sensor has a cable length of 7.62 m
and a weight of 2.8 kg. lts operating temperature ranges between -30 °C and +50 °C with
a voltage supply of 10 -16V DC. It has an electronic box that controls its measurements.
The electronics box consists of four military style connectors to prevent the entry of
moisture and insects. The connectors are named as RS-232, +12V SDM, Transducer
Head and Analog Output. The LI-7500 infrared gas analyser (Campbell Scientific, Inc.)
measures the water vapour density and concentration of CO, in the atmosphere. The
gas analyzer has two sapphire windows that protect the infrared source and detector;
and easy cleaning of the sensor. The sensor head has a 12.5 cm open optical path and
a 8 mm diameter optical beam. The optical filters which are centred at 3.95 um provide a
reference signal for both the CO, and water vapour density. It has a temperature range
of -25 °C to 50 °C. To ensure an uninterrupted power supply, a deep cycle 200VA
battery (DC charger) was made available for the system. The period of measurement

was between 2016 and 2019.
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Fig. 2: An Eddy Covariance System Set-up at the Study Site

3.3. Determination of Turbulent Heat Fluxes

Determination of the turbulent heat fluxes (sensible and latent heat fluxes) using the EC
system is centered on the application of Reynolds’s postulate, which states that every

state variable can be decomposed into their mean and turbulent parts:
x=x+x' (3)
where x is the mean variable and x' is the turbulent variable.

The temporal average of the covariance of the vertical wind velocity component (w) and

a scalar (x) can be determined by:

wx’ = ﬁ iz lwy — W) (xie — )] ()

The EC system measures the perturbation (turbulent part) of the vertical wind speed and
a scalar of interest (temperature or humidity) and then determines the sensible heat flux
or the latent heat flux as the covariance of the instantaneous vertical wind and

temperature/humidity at a sampling frequency of 10 Hz:
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(6)

Therefore, the turbulent heat fluxes (sensible heat flux, Hs and latent heat flux, H;) are
equal to the mean air density (p), multiplied by the covariance between deviations in
instantaneous vertical wind speed (w), and temperature/humidity (T or g), and converts it

to energy units using the specific heat capacity (c,):

Hg = pc,w'T’ (7)

3.4. Data Analysis and Assessment

Numerous quality tests were applied to the data, which includes control of steady state
flow conditions and intermittent turbulence. A software package called TK2, written by
Mauder and Foken [25], was used for quality control and analysis of the Eddy

Covariance data. The processes incorporated into TK2 are as follows:

1. Spike detection method based on Hgjstrup [26] was used to eliminate values
that could not be physically removed before the calculation of the variances and
covariances.

2. Crosswind correction was performed for the sonic temperature using the
procedure of Liu et al. [27].

3. Coordinate transformation was done using the planar fit method of Wilczak et al.
[28].

4. The spectral models of Kaimal et al. [29] and Hgjstrup [26] was used for the
spectral corrections.

5. Transformation of buoyancy flux into sensible heat flux was done using the

method of Schotanus et al. [30].
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6. Corrections for fluctuations in density and mean vertical mass flow of the latent
heat flux was done according to Webb et al. [31].

7. Stationarity test was done on the datasets by following the assumptions
provided by Foken and Wichura [32]. The values of the measured fluxes were
averaged to produce 30 minutes statistics.

4. RESULTS AND DISCUSSIONS

41. Mean Meteorological Variables at the Study Location

The monthly average values of mean meteorological parameters observed during the
period of study are presented in Table 1. The monthly maximum average values of solar
radiation (217 Wm™) and net radiation (131 Wm™) were obtained in March. March is a
transition month between the dry and wet season. This period is characterised with
occasional rain showers which causes washouts and significant reduction in atmospheric
turbidity. As a result, there is less attenuation of the incoming radiative fluxes at the
surface 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
obtained in February. These values indicate that February experience the hottest
weather in the study location. The maximum average value of relative humidity (88 %)
was obtained in July and August. This is as a result of the frequent occurrence of
precipitation that is prevalent during this period, consequently leading to high

atmospheric moisture content.

The maximum average value of wind speed (1.4 ms™') was recorded in April. This value
is attributed to the manifestation of strong wind that is usually accompanied by rainfall.
The monthly minimum average values obtained for solar radiation (125 Wm?), net
radiation (83 Wm’z), air temperature (25 °C), surface temperature (28 0C) and soil
temperature (26 °C) were recorded in August. August is characterized by the ‘short dry
period’ in the wet season and lasts for about three weeks [33]. This month has 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



230 humidity (64 %) was recorded in January. This value is attributed to the dry atmospheric

231  condition that is prominent at this period.

232 The monthly minimum average value of wind speed (0.9 ms™) at the study location was
233 obtained in the dry season (January, October, November and December). This value

234 indicates that the dry season is a period of tranquil atmospheric condition.

235 Table 1: Monthly Averages of Mean Meteorological Variables at the Study Location
236
237
Solar Net Air Surface Soil Relative Wind
Radiation Radiation Temperature  Temperature  Temperature Humidity Speed
(Wm) (Wm?) (c) (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 1.3
April 207 130 28 31 29 81 1.4
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 1.3
September 161 106 27 28 27 87 1.1
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

238 4.2. The Sensible Heat Flux
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The diurnal variation of monthly hourly averaged values of sensible heat flux (Hs) from
January to December at the study location are presented in Fig. 3. Typically, in the early
mornings at about 00:00 to 08:00 Local Time (LT), the values of H; were low and
negative (in the range of -0.8 and -0.1 Wm™®). As the sun rises (at about 08:30 LT), the
values of H; steadily increased to high and positive values (in the range of 4.7 and 181.9
Wm?). As the sun sets (at about 18:00 LT), Hs steadily decreased again to negative

values (in the range of -7.1 and -0.1 Wm™) till dusk.

The negative values of H; indicate the decrease in energy at the surface due to the
prevailing meteorological conditions (such as solar irradiance) and the surface
temperature. As a result, the surface is cooler than the overlying air above it.
Conversely, the positive values signify an increase in energy due to intense solar heating
at the surface. As a result, the surface is warmer than the overlying atmosphere which

leads to a strong mechanical mixing of the boundary layer, hence, high sensible heating.

In January, the daytime maximum value of Hs was 181.9 Wm?. This is the highest value
recorded during the period of this study. This value can be justified by the fact that
January is the peak of the dry season at the study location, as such, high solar radiation
is received at the surface, hence, high sensible heat flux. As the dry season continued,
Hs gradually decreased to 178.5 Wm™ in February and 146.9 Wm™ in March. The wet
season commenced in April and the daytime maximum value of Hs observed was 105.7
Wm. The maximum value of Hs continued to drop as the wet season progressed to May
(85.5 Wm™), June (75.0 Wm®), July (69.4 Wm™) and reached the lowest in August with a

value of 56.3 Wm,

August has been known to be the cloudiest month throughout the year at the study
location [33]. The frequent occurrence of clouds experienced at this period impedes the
incoming solar radiation, hence low irradiance. Consequently, the surface is cooler than
the overlying atmosphere, hence, low value of Hs. As the transition between the wet and

dry season approaches, the daytime maximum value of H; gradually increased from 86.0
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Wm™? in October to 121.4 Wm™ in November and 167.1 Wm™? in December as the dry

season re-establishes.

Fig. 3: Diurnal Variation of Monthly Averaged Hourly Values of Sensible Heat Flux
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The maximum values of H; were observed when the solar radiation was at its peak and
vice-versa. Therefore, it can be presumed that the solar radiation is the key driver which
controls the diurnal pattern of sensible heat flux. That is, it is the solar radiation that
cause the temperature change between the surface and the overlying air. A correlation
graph between the sensible heat flux and solar radiation was plotted as shown in Fig. 4.
The coefficient of determination, R (0.85) obtained from the graph indicate close
agreement between the two variables. That is, there is a high degree of association

between the two variables.
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Fig. 4: Correlation between the Sensible Heat Flux and Solar Radiation

4.3. The Latent Heat Flux

The diurnal variation of monthly hourly averaged values of latent heat flux (H) from
January to December at the study location are presented in Fig. 5. Typically, in the early
mornings at about 00:00 to 08:00 Local Time (LT), the values of H, obtained were low (in
the range of 0.3 and 25.0 Wm®). As the sun rises (at about 08:30 LT), the values of H,
steadily increased (in the range of 27.8 and 218.0 Wm). As the sun sets (at about 18:00
LT), H, gradually decreased (in the range of 0.9 and 62.4 Wm’z) till dusk. The low values

obtained during dawn and dusk indicate low rate of evapotranspiration while the high
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values obtained in the afternoon signify high evapotranspiration due to high solar

radiation that provides heat energy for evaporation.

Fig. 5: Diurnal Variation of Monthly Averaged Hourly Values of Latent Heat Flux
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In January, the maximum daytime value of H, recorded was 69.1 Wm™ and gradually
increased to 84.2 Wm™ in February and 153.0 Wm™ in March. As the wet season
commenced in April, the maximum daytime value of Hj increased to 172.4 Wm™*, 186.4
Wm? in May and 190.7 Wm™ in June. The increase in the value of H, in the wet season
can be linked to the high amount of water present at the surface due to high precipitation
during the period. The daytime value of H; dropped to 164.8 Wm™ in July and 133.9
Wm? in August. The drop in the values of H, in July and August is as a result of the
cloudy conditions experienced in these months. As a result, there is less heat energy to
evaporate water from the surface. As the cloudy condition gradually fades away, the
maximum daytime value of H, increased to 175.2 Wm?in September and 218.0 Wm?in
October. The value obtained in October is the highest value of H, obtained during the
period of study. H, steadily decreased to 198.0 Wm™ in November and drastically
decreased to 136.5 Wm™ in December due to low water content at the surface as a

result of dry atmospheric condition which is prominent during this period.

Fig. 6 depicts the diurnal variation of monthly averaged values of both the sensible heat
and latent heat fluxes. The sensible heat flux was 59 % higher than the latent heat flux
during the Harmattan (January, February and December). This was as a result of the
dryness of the surface during this period that is, there was little or no water at the
surface. As such, the available energy was being used to warm the surface. In March,
the sensible heat flux was relatively of the same magnitude with the latent heat flux
signifying equal partitioning of energy between the two fluxes. From April to November,
the latent heat flux was 63 % higher than the sensible heat flux indicating that most of

the available energy at the surface was used for latent heating.
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Fig. 6: Diurnal Variation of Monthly Averaged Values of Sensible and Latent Heat Fluxes
351 Fig. 7 shows the distribution of the Bowen ratio (Hs/H)), Bo obtained during the period of
352 study. 91 % of Bo was less than 1 (Bo < 1) while 9 % of Bo was greater than 1 (Bo > 1).
353  This can be explained that during the period of study, 91 % of the heat energy at the
354  surface was used for evapotranspiration while only 9 % was used to warm the surface.
355  The high value of Bo < 1 obtained, is a result of the type of surface used in the study
356  which was a grass-covered surface. Therefore, there was minimal radiative heating due
357 to the presence of grass which consequently led to low sensible heating hence, high
358  evapotranspiration.

Fig. 7: Distribution of Bowen Ratio, Bo during the Period of Study
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5. SUMMARY AND CONCLUSION

This study used the Eddy Covariance System to measure the turbulent heat fluxes
(sensible and latent heat fluxes) over a grass covered surface at a Tropical location, lle-
Ife, Nigeria. The period of measurement was between 2016 and 2019. The sensible heat
flux ranged between -0.8 and 181.9 Wm™ while the latent heat flux varied between 0.9
and 218.0 Wm™®. The maximum daytime value of the sensible heat flux peaked in
January with a value of 181.9 Wm™ while the peak maximum daytime value of the latent
heat flux (218.0 Wm’z) was obtained in October. The lowest maximum daytime value of
sensible heat flux (56.3 Wm™) was obtained in August while the lowest maximum
daytime value of latent heat flux (69.1 Wm™) was recorded in January. January is the
peak of the dry season, hence, high solar irradiance received at the surface, which lead

to high sensible heating and low evapotranspiration due to low surface moisture.

During the Harmattan months (January, February and December), the sensible heat flux
was 59 % higher than the latent heat flux while the latent heat flux was 63 % higher than
the sensible heat flux during the wet months (April - November). The distribution of the
Bowen ratio, Bo shows that 91 % of Bo was less than 1 (Bo < 1) while 9 % of Bo was

greater than 1 (Bo > 1).

The study concludes that during the period of study, the heat energy received at the
surface (grass-covered) was majorly used for evapotranspiration while only 9 % was

used for sensible heating.
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