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ABSTRACT 
 
The bulk transfer coefficients of momentum (CD) and sensible heat (CH) were determined from the field observation 
carried out on Nigerian Micrometeorological Experimental (Nimex_1) field, Ile-Ife, Nigeria. Direct determination of the 
transfer coefficients was done using the eddy correlation method. Analytical method was also used to compute the 
transfer coefficients with the use of bulk transfer algorithms. The CD and CH values obtained from eddy covariance 
method were higher than those from analytical method. Usage of the transfer coefficients obtained from analytical 
method will lead to slight underestimation of the fluxes. The atmospheric stability parameter z/L values were positive at 
nights (stability) but negative during the day (instability). The CD and CH values were higher during the day (instability) 
and lower at nights (stability). Whenever z/L was positive the sensible heat flux was negative. 
 
Keywords: Bulk transfer coefficient of momentum, bulk transfer coefficient of sensible heat, stability, instability, 
atmospheric stability parameter. 
  
INTRODUCTION 
 
The bulk transfer coefficients of momentum and sensible 
heat over land surface controls the flux of sensible heat 
from the earth’s surface. Atmospheric numerical models 
and energy budget studies require the bulk transfer 
coefficients of momentum (CD) and sensible heat (CH) to 
estimate the surface fluxes of momentum and sensible 
heat (H), (Jordan et al., 1999; Briegleb et al., 2004). The 
bulk transfer coefficients vary with regions and dynamics 
of the atmosphere (Stull, 1988) and accurate bulk transfer 
coefficients are necessary for numerical models. Hence 
the need for the validation of existing bulk transfer 
algorithm with values obtained from direct measurement 
of fluxes of momentum and sensible heat. 
 
Values of CD and CH determined from other places are 
mostly employed in this part of the tropics since little or 
no work has been done in this area to determine the 
values. Errors set in when constant values are used 
throughout all the hours of the day, so diurnal values are 
needed.   
 
Micrometeorological experiments are scarce in this part 
of the tropics and Nigerian Micrometeorological 
Experiment (Nimex_1) is one of the most comprehensive 
experiments in this area. The first phase of Nimex 
measurement started from15 February to 10 March 2004 
at Ile-Ife Nigeria. The bulk transfer coefficients of 
momentum and sensible heat fluxes were not known in 
this part of the tropics, hence the need for this 
investigation.  

Study Area 
The data used in this investigation were collected at 
Nimex_1 site. The site is situated in southwestern Nigeria, 
at Obafemi Awolowo University, Ile-Ife (7033′N, 4033′E). 
This is a tropical area where there are two main seasons 
viz: wet (April to October) and dry (November to March). 
The tropical climate is influenced by two air masses: the 
rain-bearing southwest monsoon originating from the 
Atlantic Ocean and the dry northeasterly continental air 
mass passing over the Sahara desert. The position of the 
Intertropical Convergence Zone (ITCZ) controls the 
amount, seasonal distribution and type of rainfall as well 
as the length of the wet season at any location in Nigeria. 
The region south of the ITCZ, depending on its distance 
from ITCZ, usually receives more rainfall while the 
region north of it experiences dryness. The ITCZ gets to 
its most northern position in July- August and its most 
southern position in December- February, at which time 
the dry season sets in (Balogun, 1981). The investigation 
at the Nimex_1 site was done during the transition period 
in-between the dry and wet season in 2004 to capture the 
dry and wet scenarios. 
 
MATERIALS AND METHODS 
 
Meteorological Measurement 
The Nimex_1 field was located on an agricultural farm 
land at Teaching and Research farm,  Obafemi Awolowo 
University Ile-Ife, Nigeria. The elevation of the field is 
288 m.a.s.l.  It is more or less a bare ground with canopy 
height less than 0.3 m as the bush on the experimental 
area was cleared just before the commencement of the 
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project. Eddy covariance system comprising of a three 
dimensional ultrasonic anemometer (model USA-1) and a 
Krypton hygrometer (model KH2O) were deployed on the 
field. The ultrasonic anemometer was sampled at 16Hz 
giving the turbulent wind components, u, v, w and sonic 
temperature, Ts. The Krypton hygrometer was sampled at 
8Hz giving the turbulent absolute humidity. The data 
were analysed and turbulent fluxes were calculated. The 
details of the analyses of turbulent fluxes were as 
presented in Mauder et al. (2007), Jegede et al. (2004a) 
and Jegede et al. (2004b). 
 
The ground heat flux and net radiation were measured for 
the determination of the available energy. A self 
calibrating heat flux plate was used to measure ground 
heat flux at 0.02m, 0.05m, 0.1m and 0.3m depths. The 
Kipp and Zonen CNR1 net radiometer was used to 
measure net radiation. 
 
Profile measurements of wet and dry bulb temperature at 
0.9m, 4.9m and 10m height were done using 
Frakenberger Psychrometer; wind speed was measured at 
heights 0.7 m, 1.2 m, 2.2m, 3.3m, 5.2m, 7.2m, 10.2 m, 
and 14.8m with cup anemometer (A101M1/A100L2) and 
the wind direction was measured at 14.8m level using a 
rotating vane. Soil surface temperature was measured by 
Infrared Pyrometer KT 1582D. Soil temperature at depths 
0.05 m, 0.1m, and 0.3m was measured by PT-100Ω 
Thermistor Thermocouple.  Campbell Scientific CR10X 
data- loggers were used in storing the data. The details of 
the equipment used are stated in table 1. 
 
Day of year (DOY)s 63, 66 and 67 were considered for 
this investigation. The profile and eddy covariance data 
were complete for DOYs 66 and 67 while there were data 
from 0700hr to 2400hour for DOY 63. The DOYs were 
chosen due to their relatively complete data for both eddy 
covariance and profile data.   

Data analysis and quality control test 
The effective fetch in percentage of the theoretical fetch 
from the field computed according to Gockede et al. 
(2006) were greater than 90 under unstable stratification 
for most wind directions, greater than 80 under neutral 
condition and the least was 62 for stable stratification 
with wind direction of 1500 (SSE), Mauder et al. (2007). 
On daily basis the quality of profile of meteorological 
data from 15 m mast was checked by simple visual test 
according to (Foken, 2003). The quality of the eddy 
covariance data was checked using TK2, a software 
package written by Mauder and Foken (2004). It was 
developed at Obafemi Awolowo University, Ile-Ife, 
Nigeria and the University of Bareuth during the period of 
the experiment (Nimex_1). The guides for surface flux 
measurement and analysis given by Lee et al. (2004) were 
considered by Mauder and Foken (2004). The values that 
were not physically possible were removed before the 
calculation of the variances and covariances using the 
spike detection method of Vickers and Marhrt (1997) that 
was based on Hojstrup (1981). Cross correlation analysis 
was done for each averaging interval of the sonic 
anemometer and Krypton hygrometer that were sampled 
at different frequencies. This was done to determine the 
time delay between the two sensors. The method applied 
for cross wind correction for the correction of sonic 
temperature was that of Liu et al. (2001). Coordinate 
transformation was done using the planar fit method of 
Wilczak et al. (2001). Spectral models of Kaimal et al. 
(1972) and Hojstrup (1981) were employed for spectral 
corrections following Moore (1986). The buoyancy flux 
was converted into sensible heat flux following Schotanus 
et al. (1983). The latent heat flux was also corrected for 
fluctuations in density and mean vertical mass flow 
according to Webb et al. (1980). Test for steady state 
conditions and well- developed turbulence was carried out 
according to Foken and Wichura (1996) and Foken et al. 
(2004). All the above tests and analysis were incorporated 

Table 1. Equipment deployed on Nimex_1 site. 
 

Parameter Sensor Accuracy 
Data acquisition  Campbell Scientific Data-logger CR10X Not applicable  
Wind direction Vector Instruments Wind vane W200P ± 20 
Wind speed  Vector Instruments 

Cup anemometer A101ML/A100L2 
10 

Wet and dry bulb 
air temperature 

Theodor Friedrichs FrakenbergerPsychrometer ± 0.05 0C 

Soil surface temperature Heitronics Infrared Pyrometer KT1582D ± 0.50C 
Soil temperature  Campbell Scientific Thermistor Thermocouple ±10C 
Soil heat flux Hukseflux HFP01SC self calibrating Heat flux plate ±3% 
Net radiation Kipp and Zonen CNR1 net radiometer ±10% of daily total 
3D wind speed Metek USA-1 3-D ultrasonic anemometer 0.01ms-1 
Water vapour content  Campbell Scientific KH20 krypton hygrometer 0.15m3g-1cm-1(sensitivity) 
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into (Mauder et al., 2007). 
 
Parameterization of bulk transfer coefficient of 
momentum and sensible heat 
The bulk momentum (τ ) and sensible heat fluxes are 
given by: 

2UCDρτ =  1 
and 

)( agHp TTUCCH −= ρ    2  
where ρ is the density of air 

pC   is the specific heat of air at constant pressure 

U   is the mean horizontal velocity 

gT  is the soil surface temperature, and  

aT  is the air temperature 
 
The bulk transfer coefficients are computed as: [3]  

2UCD ρτ=  3 

)( agpH TTUCHC −= ρ    4 

)()( agH TTUTwC −′′=    4b 
where w =  vertical wind speed, and T = air temperature 
from sonic system . 
 
The turbulent momentum flux and the friction velocity 
( *u ) are given by McPhee (2002) and Stull (1988) as: 

2122 ))()(( wvwu ′′+′′= ρτ    5 
21222

* ])()[( wvwuu ′′+′′=    6 
 
Bulk flux Algorithm 
The bulk transfer coefficients of momentum and heat 
were computed from Garratt (1992) and Stull (1988) as: 

2
0

2 ))(ln( mD zzkC ψ−=    7 

)]))(ln()[(ln( 00
2

hmH zzzzkC ψψ −−=  8 
 
Where z is the height of measurement 
z0 is the momentum roughness length 

mψ  and hψ are the integral form of the Monin Obukhov 

similarity functions mφ and hφ which are dimensionless 
wind shear and temperature gradients respectively given 
by Zeng (1998) as: 
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 The values of mφ and hφ under very unstable conditions 
were given by Kader and Yaglom (1990) as: 

3132 )(7.0 ζφ −= km     11 
3134 )(9.0 ζφ −= kh     12 

Under very unstable conditions, the similarity functions 
were described by Hostlag et al. (1990) as 

ζφφ +== 5hm     13 

Utilizing equations (9) to (13), mψ  and hψ  will take the 
form:  
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Equations (14) to (16) were substituted into equations (7) 
and (8) to calculate CD and CH for the parametric 
determinations of the respective coefficients. 
 
RESULTS AND DISCUSSION 
 
Diurnal variation of CD values 
The wind direction recorded during the period of this 
investigation was north easterly which conforms to the 
expected prevailing wind at the transition period from dry 
to wet season. The wind speed was low (< 3ms-1) 
throughout with night values lower (< 2 ms-1). Half hourly 
meteorological and eddy covariance data were used; the 
resulting half hourly CD values obtained from the eddy 
covariance and analytical methods were different. The 
mean daily values obtained from the analytical method 
were one order lower than those obtained from the eddy 
covariance method. The maximum diurnal values 
obtained from the eddy covariance method were higher, 
higher CD values from eddy covariance method has been 
reported (Zhang et al., 2002). The analytical method gave 
the daily mean of CD of 1.66 x 10-3 with standard 
deviation of 8.62 x 10-3 while the eddy covariance method 
gave a mean value of 2.28 x 10-2 with standard deviation 
of 1.71 x 10-2 for DOY 63. On DOY 66 analytically 
obtained CD had a daily mean of 1.54 x 10-3 with standard 
deviation of 4.75 x 10-4 while the mean daily CD value 
obtained from eddy covariance method was 1.24 x 10-2 
with standard deviation 5.86 x 10 -3. On DOY 67 the 
mean daily values for analytical and eddy covariance 
methods were respectively 2.70 x 10-3 and 2.52 x 10 -2. 
The standard deviations were 6.78 x 10 -3 and 6.33 x 10 -2 
for analytical and eddy covariance methods respectively, 
showing that eddy covariance computed values were 
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more scattered than the analytically computed ones.  
Diurnal variation is clearly seen in CD values with 
maximum around noon and low values at night and 
morning hours figure 1.  
 
Diurnal variation of CH values 
Diurnal variation of CH was similar to that of CD with 
maximum at noon and low values at evening, night and 
early in the morning, figure 2. The CH values obtained 

from analytical and eddy covariance methods were 
comparable, the values were in the same order. Higher 
daily maximum and mean CH values were obtained from 
eddy covariance method. On DOY 66 daily mean 1.57 x 
10-3 and 1.32 x 10-3, maximum 2.50 x 10-3 and 3.25 x 10-3 
and standard deviation 5.05 x 10 -4 and 8.56 x 10 -4 were 
found respectively for analytical and eddy covariance 
methods. The maximum CH was higher than the value 
obtained by Ishikawa and Kodama (1994) on snowmelt 
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Fig. 1. Diurnal variation of bulk transfer coefficient of momentum, CD for DOY 66. 
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Fig. 2. Diurnal variation of bulk transfer coefficient of sensible heat (CH) for DOY 66 (in arbitrary unit). 
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surface (2.30 x 10-3). The values obtained fitted well into 
the typical range of values for CH (Stull, 1988). 
 
On DOY 67 the analytical and eddy covariance methods 
respectively gave mean daily CH values of 1.70 x 10-3 and 
2.52 x 10-3, maximum CH values of 7.65 x 10-3 and 1.31 x 
10-2 and standard deviations of 1.36 x 10-3 and 2.50 x 10-

3.The eddy covariance computed CH values had more 
scatter than the analytically computed values. The 
maximum CH values obtained on DOY 63were 3.78 x10-3 
and 6.22 x 10-3 for analytical and eddy covariance 
methods respectively.  
 
Comparison of the CD and CH values obtained from eddy 
covariance and analytical methods 
The CD and CH values obtained from the eddy covariance 
method were taken to be more reliable since they were 
from directly measured friction velocity and covariance of 
vertical wind and temperature. Assumptions were made in 
the derivation of equations (9) to (15); variable 
meteorological conditions were not included in the 
analytical equations. The values obtained from eddy 
covariance method were generally higher than those from 
the analytical method since variable stability conditions 
were assumed uniform in the analytical method. (Zhang et 
al., 2002) also obtained higher CD and CH values from 
eddy covariance method than from the other methods.  
 
The temperature gradient (Ta-Tg) m-1 was found to be  
Diurnal variation of temperature gradient 
negative both during the day and at night during the 
transition period contrary to the expectation of positive 
values at nights. The negative gradient implies a positive 

difference between soil surface temperature and the air 
temperature at any height up to 10 m (Tg-Ta) (Fig. 3); 
possibly due to the strong stability at night and high value 
of temperature in this area. It has been reported that (Tg-
Ta) was positive at night when the temperature was high 
but negative when the temperature was low, in 82% of the 
stations considered in Alpine areas; only in few of the 
stations did thermal inversion occur, at night Colombi et 
al. (2007). The night time values of Tg were also found to 
be close to or lower than Ta, (Prigent et al., 2003). 
Temperature is always high in this part of the tropics so 
soil surface temperature may be higher than the air 
temperature even at night when there is strong stability. In 
the early hours of the day, evening and nights Tg-Ta 
reduced greatly since there was no input from the sun but 
it never went below zero, as the case may be in cold 
regions. The CH was positive throughout all the hours of 
the day and night in most published literature. The sign of 
the temperature difference between the ground and the air 
(Tg-Ta); which is positive during the day while it is 
negative at night, controls the sign of the sensible heat 
flux in most places. Generally, in this part of the tropics, 
during the transition period from dry to wet season, the 
ground temperature was always higher than the air 
temperature making the temperature difference (Tg-Ta) to 
be positive throughout the day and night. This makes the 
sign of CH to change to negative whenever the value of 
sensible heat flux is negative. This occurs when the 
stability parameter z/L is positive, when the atmosphere is 
stable, this is so at nights and before sunrise. To keep the 
sign of CH positive throughout, negative sign was used to 
multiply the value of sensible heat flux. When the profile 
of air temperature was considered from 1m to 10 m; there 

 

Fig. 3. Diurnal variation of temperature gradient for DOY 66. 
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was always inversion at nights with temperature at 1m 
being the minimum, this is in agreement with existing 
observation that the minimum temperature on calm, clear 
and strongly stable night on grass, snow and bare surfaces 
was between 1 and 50 cm, (Oke, 1970). The minimum 
was not on the surface. 
 
Diurnal variation of sensible heat flux and stability 
parameter, z/L 
The sign of the sensible heat flux was opposite to the sign 
of z/L. When z/L was positive, the value of sensible heat 
flux was negative. The z/L is generally positive at nights, 
in the evening and early in the morning, at this time the 
atmosphere is stable so transfer coefficient is reduced. 
The positive sign of the temperature difference 
necessitates adding a negative sign to the sensible heat 
flux whenever z/L is positive to maintain the positive 

value of the turbulent bulk heat transfer coefficient. 
Sensible heat flux can be underestimated when the CH 
values obtained from analytical method are used to 
compute it. The sensible heat flux will also lack diurnal 
variation when a constant bulk transfer coefficient is used 
for all the hours of the day (Fig. 4). 
 
CONCLUSION 
 
The importance of diurnal CH and CD values in modeling 
the energy budget of the earth and their unavailability in 
this part of the tropics led to their determination using 
both analytical and experimental methods. The 
experimental method was used to validate the analytical 
method. The experimental method gave lower diurnal CH 
and CD values with higher standard deviations. The 
obtained values were in the same range as those obtained 

 

 
 
Fig. 4. Diurnal variation of (a) stability parameter, z/L at z= 2.26 m and 10 m and (b) sensible heat flux on DOY 66. 
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for other areas, Stull (1998), Zhang et al. (2002) and 
Ishikawa and Kodama (1994). These results can serve as a 
data base for this area. 
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