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Abstract. Latent and sensible heat surface fluxes are key facdominant and the Bowen ratio) was about 0.4. During
tors of the western African monsoon dynamics. However,the dry-to-wet and wet-to-dry transition seasons, both EF
few long-term observations of these land surface fluxes arand g were highly variable, as they depended on the atmo-
available; these are needed to increase understanding of trepheric forcing or the response to isolated rains. A com-
underlying processes and assess their impacts on the energjete surface—atmosphere decoupling was never observed
and water cycles at the surface—atmosphere interface. Thim 2008 (0< 2 <0.6), which suggests a systematic mix-
study analyzes turbulent fluxes of one full year, measuredng of the air within the canopy with the atmospheric sur-
with the eddy covariance technique, over a cultivated aredace layer, irrespective of the atmospheric conditions and the
in northern Benin (western Africa). The study site is part vegetation height.

of the long-term AMMA—CATCH (African Monsoon Multi- Modeling approaches showed a good agreement of soil re-
disciplinary Analysis—Coupling of the Tropical Atmosphere sistance with the Sakaguchi bare soil model. Canopy conduc-
and Hydrological Cycle) hydrological observatory. The flux tance was also well reproduced with the Ball-Berry stomata
partitioning was investigated through the evaporative frac-model. We showed that the skin surface temperature had a
tion (EF) and the Bowen ratigg at both seasonal and daily large seasonal and daily amplitude, and played a major role in
scales. Finally, the surface conductanég)(and the de-  all the surface processes. Consequently, an accurate model-
coupling coefficientQ) were calculated and compared with ing of the surface temperature is crucial to represent correctly
specific bare soil or canopy models. the energy and water budgets for this region.

Four contrasting seasons were identified and character-
ized by their typical daily energy cycles. The results pointed
out the contrasting seasonal variations of sensible and la-
tent heat fluxes due to changing atmospheric and surfacé Introduction

conditions. In the dry season, the sensible heat fluxes were ) )
largely dominant g ~ 10) and a low but significant evapo- Since the pioneering work of Charney (1975), numerous

transpiration was measured (EF=0.08); this was attributedtudies have confirmed the effects of the continental surface
to a few neighboring bushes, possibly fed by the water taOn climate; in particular, they have focused on the major
ble. During the wet season, after the monsoon onset, sufimportance of surface—atmosphere exchanges over western
face conditions barely affected the evaporative fraction (EF)/Africa (Eltahir, 1998; Koster et al., 2004; Parker et al., 2005;

which remained steady (EF =0.75); the latent heat flux was@mong others). These interactions impact the frequency of
the rainy events in the Sahel (Taylor and Lebel, 1998) and
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their location (Taylor et al., 2012). On the seasonal scaleson evapotranspiration was linked to water table discharge;
Philippon and Fontaine (2002) suggested that the Guineathis result was further supported by recent hydrological stud-
rainy season affects the following Sahelian rainy season sevies (Descloitres et al., 2011; Séguis et al., 2011; Richard et
eral weeks later, through a hypothesized continental-scalegl., 2013).
water content memory effect, but this is still an open question None of these studies explicitly related the energy parti-
(Douville et al., 2006). The influence of the vegetation activ- tioning to the surface characteristics, but all of them em-
ity on the monsoon dynamics has been evidenced by modelphasized the need for long time series of reference flux
ing studies (Xue and Shukla, 1993; Zeng et al., 1999; amonglata over different land covers, in order to obtain a compre-
others), but very few observations support these results.  hensive understanding of the functioning of these climate-
In western Africa, the population growth rate (2.57 %) is sensitive ecosystems in relation to climate variability. Boone
one of the most significant in the world (UN, 2011). The pop- et al. (2009) also pointed out the need for observation data
ulation has increased by a factor of four from 1950 to 2010set in order to assess the ability of land surface models to cor-
in this region, and is expected to double by 2050 accordingectly simulate the western African water and energy balance
to the UN’s most highest projection (UN, 2011). This pop- at regional scale.
ulation growth results in a continuous conversion of natural In the framework of the AMMA campaign (Redelsperger
vegetation areas into cultivated area (CSAO, 2012; Judex ett al., 2006), the AMMA—CATCH (African Monsoon Multi-
al., 2009). In northern Benin (study region), cropland cov- disciplinary Analysis—Coupling of the Tropical Atmosphere
ers 22 % of the landscape area (Judex et al., 2009) and is iand Hydrological Cycle) an observation system was designed
continuous expansion. This change in land use may induce to document the long-term impacts of climate and environ-
modification of the dynamics of water and energy exchangesnental changes on the hydrological cycle. It provided a con-
between the continental surface and the atmosphere. Conssistent set of meteorological (including surface fluxes), hy-
quently, studies based on observation data sets are neededdmlogical, and biophysical data sets, covering various vege-
this region to increase knowledge on the processes drivingation types over contrasting sites, ranging from 9.5 toNL7
the partitioning of water and energy at the continental sur-in latitude (Lebel et al., 2009).
face, and to estimate the impacts of land cover changes on This study focuses on the analysis of a full year of eddy
these surface atmosphere exchanges. covariance surface flux measurements, collected for a culti-
The western African climatic gradient, spreading from the vated area on the southern AMMA—CATCH site, located in
Sahel to the north~{ 600 mm rainfall per year) to the Suda- the Sudanian climate region in northern Benin (Fig. 1). The
nian zone £ 1200 mm) and the Guinean coast to the south,objectives of this paper are threefold: (1) to document the
induces contrasts in the surface energy budget dynamics. Dugeasonal and daily variations of latent (LE) and sensillg (
to this regional contrast, specific studies have to be made oheat fluxes over a crop field in this Sudanian region; (2) to
the various subdomains. For the Sahel, a few eddy covariancanalyze and quantify the energy partitioning as a function of
data sets of surface—atmosphere exchanges are available asgrface characteristics at the seasonal and daily timescales;
their analyses have improved the understanding of the Sa(3) to evaluate the ability of standard parameterizations to
helian surface behavior; these include data sets of savannakproduce the daily and seasonal dynamics of the evapotran-
dynamics and functioning (Kabat et al., 1997; Monteny etspiration in this specific tropical site, as these parameteriza-
al., 1997), coupled energy and water cycle dynamics (Ramietions are implemented in land surface models.
et al., 2009), and energy partitioning variability and upscal-
ing (Timouk et al., 2009). A few studies made in the Suda-
nian climate region are also reported in the literature. Mauder
et al. (2007) have analyzed eddy covariance data over a fak Material and methods
low bush in Nigeria during a three-week period, focusing on
the energy balance closure issues. The first long-term mea2.1 Study area
surements in savanna ecosystems covering periods of more
than one year were made by Bagayoko et al. (2007), whorhe Nalohou site is located in northern Benin (Fig. 1). In this
analyzed the partitioning of the available energy in turbu-region, the rainfall regime is driven by the seasonal migration
lent fluxes, and Brimmer et al. (2008), who examined car-of the intertropical convergence zone (ITCZ), with 90 % of
bon dioxide uptake rates. Lothon et al. (2008) and Lohouthe annual rainfall falling in seven months (April to October),
et al. (2010) focused on the impact of entrainment on ob-and a mean rainfall amount of 1190 mm (1950-2002) (Lelay
served turbulent characteristics at the surface. Finally, Schitand Galle, 2005).
temeyer et al. (2006) in Ghana and Guyot et al. (2009, 2012) The landscape is rather flat, with a local slope of about
in Benin have studied the energy partitioning of aggregated3 %, overlying a metamorphic crystalline bedrock. The main
fluxes using scintillometry. They showed that the partition of soils are ferric lixisols (Faure and Volkoff, 1998). The
the available energy reached a constant regime during the weextural properties of the surface soil layer correspond to
season. Guyot et al. (2009) provided evidence that dry sedoamy sand with high permeability, whereas the underlying

Hydrol. Earth Syst. Sci., 18, 893914, 2014 www.hydrol-earth-syst-sci.net/18/893/2014/



O. Mamadou et al.: Energy fluxes and surface characteristics over a cultivated area in Benin 895

lat. -15 -10 -5 0 5 10

)

15

/|

~ Sahelian Climate N
\v/\_/_"_k‘"’/ \-\

J//“-'lo
N

Sudanian Clirhate"
_ s
Guinean Climate

ST,

-15 -10 -5 long. (°) 0 5 10

15

10

2100 mm

Fig. 1. Localization of the study area in western Africa. Blue lines are the 700, 1400 and 2100 mm isohyets computed from ground observa-
tions between 1950 and 2010. They define the different western African climate areas: Sahelian, Sudanian and Guinean climates.

weathered bedrock contains deep clayey layers with high re2.2 Instrumentation and data processing
tention properties (De Condappa et al., 2008).

The flux tower was installed near the Nalohou village The meteorological variables (wind speed and direction, air
(lat. 9.74 N, long. 1.60 E, 449 ma.s.l). It is located in a temperature and humidity, and the four components of sur-
cultivated area which consists of crops alternating with fal-face radiative budget) were measured at a 2m height; the
lows. The flux tower has been installed in an herbaceous falfainfall was measured with a tipping-bucket rain gauge. The
low parcel, surrounded by small fields ( ha) with a large ~ ground measurements included soil temperateE)( —20,
variety of rain-fed annual crops (cassava, yam, maize, an@nd—40cm) and average soil moisture between 5 and 30 cm.
groundnut, Fig. 4). Crop rotation is the main farming practice All the measurements were recorded at a 30 min time step.
in the area. Fallow areas are commonly covered by scatteredihe sensor characteristics are reported in Table 1. The veg-
shrubs, overlaid by a dense herbaceous layer during the weatation height was monitored at a 10-day time step under
season. The herbaceous layer usually starts growing in Aprithe flux tower and at 10 locations in its surrounding area.
after the first rains and reaches its maximum height (up tolThe leaf area index (LAI) time series is a combination of
2.5m) in October. Controlled fire is a traditional practice in satellite LAl products (CYCLOPE, MODIS, SEVIRI), con-
Benin; the vegetation (mainly the herbaceous layer) is burnstrained by in situ measurements derived from hemispheri-
between November and February, when the soil and vegets£al photographs based on the method proposed by Weiss et
tion are dry. Hence, during the dry season, the soil is bare fogl- (2004).
about five months. Isolated trees (with height0 m), fre- The eddy covariance system used in this study con-
quenﬂy encountered in fields and fallows (agroforestry Con-SiStEd ina fast-response three-dimensional sonic anemome-
text), are present in the neighborhood of the flux tower. SuctHer (CSAT3, Campbell Sci., Logan (UT), USA) and a fast-
a mixed fallow-field landscape with sparse trees is typical off€sponse open-path infrared gas analyzer (LI-7500, LI-COR,
the northern Benin region' Lincoln (NE), USA) They were installed at 4.95m above

The water table depth at the tower site is close to the surthe ground, and measured 3-D wind speed, temperature, wa-
face and varies, on average, between 1.5m in September ari@ vapor and C@ concentration at a 20 Hz sampling rate
3min June (L. Séguis, personal communication, 2012). TheTable 1).

Ara stream, bordered by a riparian forest, flows 250 m north Half-hourly averages of sensiblé/§ and latent heat (LE)
from the tower. A so-called “bas-fond” (seasonally clogged fluxes were calculated according to theoretical Egs. (1)
headwater area, Séguis et al., 2011) is located 70 m wesind (2) using the CarboEurope protocol (Aubinet et al.,
ward. For westerly winds, this area can be included in the1999), where is the air density (kg m®), Cp the heat capac-
flux tower footprint, and thus, it can contribute to the fluxes ity at constant pressure (JkgK 1),  the latent heat of va-
measured at the tower site. Although this is not the main windPorization (Jg*), 7’ the air temperature fluctuation (KJ;

direction, this situation has to be considered to interpret soméhe absolute humidity fluctuation (gm), andw’ the vertical
flux measurements. wind speed fluctuation (n$).
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Table 1. Instrumentation of Nalohou site. All the measurements were recorded at a 30 min time step.

Parameter (unit) Sensor Height  Accuracy Sampling
a.g.l. rate
Air temperature {C) Vaisala WXT510 2m 3% 10s
Capacitive ceramic
Relative humidity (%) Vaisala WXT510 2m +£3%[0-90%, 10s
Capacitive thin film polymer +59%[90-100 %
wind speed (ms1) and Vaisala WXT510 2m +0.3ms? 10s
direction () Ultrasonic anemometer +3°
Short wave radiation incoming  Kipp and Zonen CNR1 2 m:10 % for daily 10s
and outgoing (W m2) Pyranometer sums
0.305< A <2.8pm
Long wave radiation incoming  Kipp and Zonen CNR1 2mt10 % for daily 10s
and outgoing (W mz) Pyrgeometer sums
5<A<50um
Rainfall (mm) Précis Mécanique ABS3030 12m 0.5mm pulse
Tipping-bucket rain gauge
Soil temperature®C) Campbell Sci. T107 —0.1m <=+0.2°C 10s
Thermistor —0.2m
—0.4m
Volumetric soil moisture Campbell Sci. CS616 —0.1m +£25% 10s
(cm3cm™3) Water content reflectometer —0.2m
Sensible heat flux (W mz) Campbell Sci. CSAT3 495m <+4.0cms?t(u,v) 20Hz
3-D sonic anemometer <+2.0cms? (w)
Latent heat flux (W m?2) LI-7500 495m 0.0047 ppt$D 20Hz

Open-path gas analyzer

wind direction varied too much within the 30 min averaging
H=pCpw'T’ (1)  time-step.
LE = A w'q’ @) The data sets were analyzed on seasonal and daily

timescales. Daily averages were computed to characterize the
) ] seasonal cycle. Meteorological variables were averaged over
The data were processed with the EdiRe software (verthe 00:00-24:00UTC period, whereas surface characteris-
sion 1.5.0.28, University of Edinburgh). The procedure in-tics such as evaporative fraction, Bowen ratio and surface
cluded despiking and a double rotation of 3-D wind speed¢ondyctance, were averaged between 10:00 and 14:00 UTC
to nullify the vertical wind velocity (Kaimal and Finnigan, gach day.
1994; Aubinet et al., 1999). Sonic air temperature was cor- Tpe analysis of daily cycles focused on four 15-day pe-
rected for changes in air humidity and pressure (Schotanugggs (named P1 to P4) for which composite daily cycles
etal., 1983) and for variations in air density due to water va-\yere computed. These four periods were selected for their
por (Webb et al., 1980). Time lag corrections were appliedqas-steady-state thermodynamic conditions, and the quasi
to account for time delay between air samples from the soniGpsence of rain (except during the wet season), to ensure a
anemometer and the gas analyzer. Finally, corrections for fregood quality of the eddy covariance data. These periods have
quency response were made in order to account for flux Unthe same number of days, which make their statistical char-
derestimation due to instrument separation and the scale filycteristics as comparable as possible. The data screening and
tering of each sensor (Moore, 1986). filtering procedures described previously eliminated the fol-

The records corresponding to rainy events and to th%wing: 4% of H and 5% of LE in P1, 20 % of and 37 %

30min following the end of the rain were excluded from of | Ein P2, 35% ofH and 55 % of LE in P3, and 25 % of
the analyses to avoid artifacts due to the high sensitivity of ;7 3nd 30 % of LE in P4.

the hygrometer to raindrop extinction (Culf et al., 2004). Fi-
nally, the records were filtered using the nonstationarity cri-
teria suggested by Mauder and Foken (2004). These tests
filtered out the periods in which the flux magnitude or the
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2.3 Diagnostic tools for data quality control 2.4 Diagnostic tools to characterize surface processes
2.3.1 Footprint analysis 2.4.1 Derivation of surface parameters

The definition of the area that contributed to the measuredrhe surface conductancés, (ms1) quantifies the abil-

fluxes (the so-called “footprint” area) was an important ity of the soil or the canopy to transfer water to the atmo-

step in characterizing the representativeness of the measuraghere. It was calculated from flux measurements using the

fluxes. The flux footprint may be defined as “the contribution, Penman—Monteith inverted relationship (Eq. 4), whérg

per unit emission, of each element of a surface area source tgn s™1) is the aerodynamic conductance, computed accord-

the vertical scalar flux measured at a given height” (Horsting to Eq. (5),A (PaK™!) is the slope of the saturation curve,

and Weil, 1992). Among numerous footprint approaches des (PaK1) is the psychrometric constant, VPD (Pa) is the

veloped in the past decades (Horst and Weil, 1992; Hsieh etapor pressure deficit, anl= H/LE is the Bowen ratio, de-

al., 1997, 2000; Schmid, 2002; Kljun et al., 2004), the sim-fined as the ratio of the sensible to the latent heat flux.

ple analytical Hsieh 1-D model (Hsieh et al., 2000) with a 1

2-D extension (Detto et al., 2006) was chosen because of itg; — [i <é13 _ 1) + L\/PD@ + 1)] (4)

explicit formulation of a 2-D diffusive footprint calculation. Ga \¥ Y (Rn — G)

The footprint model was applied to the half-hourly flux data u? g

to obtain a succession of 2-D distribution functions of the ¢a = U om ®)

area contributing to the sensible heat flux. In this study, in ] o .

order to take into account the strength of the source, we calll EQ- (5), u« is the friction velocity,¢, and ¢y are the

culated time average footprints, weighting each 30 min foot-Businger-Dyer stability functions (Businger et al., 1971).

print by the corresponding sensible heat flux. Folloyw_ng Jarvis and McNaughton (1986), the decquplmg
With this definition, the average footprint area mainly rep- Coefficient was calculated with Eq. (6). This coefficient

resents daytime periods, as nighttime sensible heat fluxe¥aries between 0, when the vapor deficit in the vicinity of the

are low. This approach gives a good extension of the av_surfa_cg equals the vapor deficit in the .at.mosphere (couplmg

erage footprint area for water flux sources, but is not rep-conditions), and 1, when the vapor deficit near the surface is

resentative of C@fluxes for which night contributions are imposed by the surface itself (decoupling conditions).

as important as day contributions. The roughness lengjh ( Ay +1

and the displacement height)(used to compute the foot- € =

print extension have been derived from the vegetation height Aly +1+4 Ga/Gs

using the Brutsaert formulation/ & 0.67- hveg). The linear  gEing|ly, the evaporative fraction, EF, which represents the

relationship between the roughness length and the vegetaraction of the available energy that is converted into evap-
tion height was inferred from local eddy covariance datagtranspiration, was calculated with (Eq. 7).

(z0=0.1740.097- hyeg). The high residual roughness (0.17)

(6)

results from the remaining roughness during the dry season LE

F= )
(yam bumps and sparse bushes). H + LE
2.3.2 Energy balance All these diagnostic variables were computed at a half-hourly

time step and were used to build composite diurnal cycles.
The energy balance closure is an independent and efficiertlidday averages (10:00-14:00 UTC) were also computed to
diagnosis to check the consistency of scalar fluxes measureahalyze the annual cycle.
by an eddy covariance system (Aubinet et al., 1999). Accord-
ing to the surface energy budget, Eq. (3) compares the avail2.4.2 Surface conductance models

able energy Rn — G) with the sum of turbulent fluxes. . o
The observed conductance is the combination of aerody-

Rhn— G =H+LE (3) namic, soil, stomata and roots conductance. To analyze these
respective contributions to the observed evapotranspiration
Rn is the net radiation (W rm?), andG the ground heat flux  dynamics in this specific tropical site, different conductance
(Wm~2). The net radiation was calculated from measuredmodels were considered, for evaporation as well as for tran-
incoming and outgoing short- and longwave radiations. Thespiration. During the dry and dry-to-wet seasons, when the
soil heat flux was estimated from soil temperature and moissoijl is entirely bare, the bare soil resistance models proposed
ture profiles using the harmonic method (Guyot et al., 2009) by Sellers et al. (1992), Lee and Pielke (1992), and Sak-
which is based on the estimation of the heat diffusion coef-aguchi and Zeng (2009) were used to evaluate the ability of
ficient from the soil temperature at two depths. The thermakhese models to capture the behavior of bare soil conductance
conductivity was computed using the measured soil moisturen tropical conditions. During the wet season, the transpi-
and the volumetric heat capacity of soil and water. ration processes were modeled with the Ball-Berry stomata
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(b) absolute humidity(c) 30 min instantaneous wind directiafa) wind speed(e) air temperatureg(f) vapor pressure deficit (VPD{g) soil

water content in the 0—30 cm layer (left axis) and Leaf Area Index (LAI) (right axis). The rose and blue shaded areas highlight the dry and
wet season, respectively, according to the absolute humigiyc(iterion (see text). The vertical bars delimit the four studied periods.

conductance model, as described by Collatz et al. (1992) foB Results and discussion

C4 vegetation. More details about this model can be found in

chapter 8 of the CLM4 technical note (Thornton, 2010). AC43.1 A contrasting seasonal cycle

grass was chosen for stomata characteristics. The required at-

mospheric (air temperature, precipitation, humidity) and sur-Figures 2 and 3 illustrate the 2008 annual cycle of the atmo-

face (LAI, soil moisture) forcings are those presented furtherspheric forcing, the surface conditions and the components

in Fig. 2. The photosynthetically active radiation (PAR) was of surface the radiative budget. These figures show a succes-

calculated as a fraction (0.5) of the observed incoming shortsjon of wet and dry seasons separated by two dry-to-wet and

wave radiation for both sunlit and shaded leaves. The leafyet-to-dry transition periods, typical of this Sudanian cli-

temperature was assessed from the outgoing longwave radinate. These four seasons, driven by the monsoon cycle, are

ation measurements using the Stefan—Boltzmann law and gharacterized by highly contrasting atmospheric and surface

0.97 emissivity for leaves. conditions which lead to contrasting dynamics of the sensible
and latent heat fluxes. Different authors (Sultan and Janicot,
2003; Lothon et al., 2008) have shown that the zonal wind
and the water vapor mixing ratio (WVMR) can be used to
define the seasons. In this study, the absolute humigiy (
was preferred to WVMR to delimit the seasons because it
was directly measured by the gas analyzer; we verified that
this criterion did not change drastically the delimitation as
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seasons, respectively. The vertical bars indicate the four studied periods (same as Fig. 2).

compared to the previous methods. The dpy< 6gn3) energy losses were associated with low atmospheric water
and wet g5 > 16 g nT3) seasons are represented by rose andcontents and high surface temperatures (Fig. 2b and e). The
blue shaded areas, respectively, in Figs. 2, 3, 6 and 10. Theminimum, maximum and mean L\ values were, respec-
four seasons are described in the next section together wittively, —235-65W m2, and—118 W n12. The sum of short
four 15-day periods that were chosen to characterize the atand longwave radiative budgets resulted in low net radiation
mospheric conditions and the surface response characterisalues.

tics prevailing during each of these stages of the monsoon

cycle. In this study, we focused on the net longwave and3.1.2 Dry to wet season and period 2

shortwave radiations, but more details on the four compo- _ ) N

nents of the radiative budget can be found in Kounouhéwa ef Ne “moistening transition season” (from dry to wet sea-

al. (2013). son) was characterized by monsoon flux intrusions. South-
westerly winds brought moist air from the ocean at night,
3.1.1 Dry season and period 1 whereas north-easterly conditions prevailed during the day

as shown in (Fig. 2¢) where the wind direction abruptly alter-

The dry season (rose area in Fig. 2) was characterized by aated from north to south during the daily cycle. The night-
steady, lowga and dry north-easterly Harmattan wind that time advection of moist air (content as high as 18grin
consisted of a light to moderate breeze (mean 2.4¥)s the lowest levels of the atmosphere by south-westerly winds
bringing dry air ga<5gm3; VPD~ 2.3kPa). The sur- is one of the atmospheric signatures of the moistening sea-
face conditions were dry and the soils remained bare as ngon. These wet layers were mixed with the whole boundary
rain occurred. The water content in the 30 cm top layer wadayer during the following day, when the convection devel-
~0.04 cnt cm~2 (Fig. 2g). In the Sudanian climate region, oped and the dry, north-easterly conditions prevailed (Lothon
these steady dry conditions usually last less than two monthst al., 2008). These peculiar dynamical conditions are due to
(January—February, Fig. 2). the large-scale daily ITCZ oscillations and the vertical devel-

During the first 15-day period (P1) from DOY 18 to 32 opment of the boundary layer (Pospichal et al., 2010; Lohou
(18 January to 1 February), typical of the dry season, theet al., 2010). This leads to a gradual, although irregular, in-
daily mean air temperature was 3 (Fig. 2e, Table 2). The crease of the absolute humidity, responsible for the observed
net shortwave radiation (Sy¢, Fig. 3a) was low (maxima at  day-to-day variability (Fig. 2b). During this period, a few iso-
~ 666 W nT2) — firstly because the aerosols brought by the lated but heavy rainfalls were observed, triggering the devel-
Harmattan wind reduced the incoming shortwave radiation,opment of the vegetation.
and secondly because the dry bare soil conditions induced a The second 15-day period (P2), from DOY 57 to 71
high surface albedo~0.19, Fig. 3c). The longwave radia- (26 February to 11 March), has been defined as typical of
tive budget (LWt was negative all year long (Table 2), cor- the moistening season. The P2 period captured the whole
responding to an energy loss. During period P1, these strondry-to-wet air humidity §5) variability, since its daily mean
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Table 2. Meteorological and turbulent fluxes daily mean (mean), minimum (min) and maximum (max) for the four studied periods (year 2008); sd is the standard deviatioff of the
minimum and maximum values during each 15-day period. .

P1
DOY 18-DOY 32

P2

DOY 57-DOY 71

P3

DOY 189-DOY 203

P4

DOY 298-DOQOY 312

18 Janto 1 Feb 26 Feb to 11 Mar 7 to 21 Jul 24 Oct to 7 Nov

Variables and Mean Mig: sd Max+ sd Mean Mindsd Max+ sd Mean Mindt=sd Max+ sd Mean Mindt=sd Max+ sd
units

Tair (°C) 22.6 16.241.2) 29.9{1.5) 28.9 21.041.4) 36.40.8) 23.7 19.06£1.1) 27.6¢1.7) 24.6 16.842.1) 34.050.4)
qa(g B\wv 3.3 2.9 @0.3) 3.6 ¢-0.3) 9.02 5.241.8) 14.942.8) 17.14 15.640.9) 18.5(0.7) 11.8 8.742.2) 16.1 ¢3.1)
WindS (m m\J 2.4 0.6 @0.3) 4.9 ¢0.6) 1.3 0.1240.05) 2.8 ¢0.4) 1.4 0.240.1) 2.9 @&0.9) 0.7 0.13£0.03) 1.9 ¢0.3)
VPD (kPa) 24 1.440.13) 3.8¢0.3) 2.9 0.9403) 5.2(0.4) 0.6 0.340.1) 1.3¢0.4) 1.7 0.340.1) 4.1 (0.3)
SWi, (W 3|Nv 229 -5 (£0.5) 814 (47) 239 —5(+0.8) 851 (73) 184 —2(£0.5) 790 &177) 236 -6 (£1.3) 859 (t44)
SWout (W B\NV 44 2 *0.3) 148 ¢9) 48 2 @0.4) 165 ¢7) 31 0.2 0.8) 121 ¢-24) 32 —1(+0.8) 101 &8)
SWhet (W 3|Nv 185 —8 (+0.6) 666 (39) 191 —8(+0.8) 686 (£68) 153 —4 (£0.7) 669 @153) 204 —6 (£0.8) 760 £41)
LWin (W 3|NV 331 309 (13) 358 (17) 392 362412) 424 @-14) 409 37947) 434 &6.2) 380 353419) 415 @17)
LWout (W 3|Nv 449 380 (10) 588 (13) 501 414 49) 655 &9) 446 420 £6) 490 ¢15) 447 393412) 529 @7)
LWnet (W 3\& —118 —23515) —65 (*7) —-109 —237 @&21) —45(*10) -37 —72 (10) —7 (£5) —67 —120 (£16) —29 (+£12)
Rn (W B\NV 67 —96 (£7) 442 @29) 82 —85 (+9) 446 42) 116 —37 (£13) 488 (149) 137 —63 (*13) 625 (78)
G (Wm~2) 0.3  —88(6) 174 @11) 1 —93(£8) 189 (14) 0  —48(+15) 88 @35) 0 —48 (£7) 97 +14)
H (Wm32) 72 —26(+10) 326 (40) 72 —13(*7.5) 291 (38) 24 —17 (+4) 103 (38) 69  —13(+10) 288 (51)
LE (W 3|Nv 7 1HH1.2) 17 @4) 10 -8.5@10) 41 @&30) 115 9 (13) 259 58) 54  —1(4+10.6) 167 £83)

www.hydrol
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oscillates between 5 and 15 gf(Fig. 2b). The surface and at its yearly maximum, but the senescence phase had be-
radiative conditions were similar to those of period P1; thegun, as shown by the decrease in LAl (Fig. 2g). Thus, the
surface was still bare and dry, with albedo values close to 0.albedo reached its lowest yearly value®.13, Fig. 3c). The
(Fig. 3c), and the maximum value of the net shortwave radia-net shortwave radiation increased (mean daily maximum of
tion was only slightly higher than that observed in P1.JsW 760 W n2) for two reasons: albedo decrease and clear-sky
remained strongly negative, even though it increased in comeonditions (Fig. 3a). The net longwave radiation increased
parison to P1, meaning that the surface was still warm at thislightly (daily mean of-67 W mi~2), as the surface dried and
period of the year (Fig. 3b). the surface temperature increased.

3.1.3 Wet season and period 3 3.2 Data quality control

The wet season was characterized by a moist, southerly, mor8.2.1  Spatial representativeness of the eddy covariance
soon flow. The wind direction was well established to be at measurements
240C. According to the definition proposed by Sultan and
Janicot (2003), the monsoon onset occurred on 22 June 200& the study area, the landscape is composed of small fields
Rainfall frequency increased after the onset because of iterspersed with areas of natural vegetation. For such a con-
higher occurrence of mesoscale convective events. Duringext, a footprint analysis is necessary to characterize the
this season, the absolute humidity was remarkably stableepresentativeness of the measurements. Figure 4 presents
(~ 18 g n13) with a low day-to-day variability (Fig. 2b). The the average footprint (as defined in Sect. 2.3.1) for each
wet season ended when northerly wind conditions returned.selected period, superimposed on a Google Earth image
The P3 period, from DOY 189 to 203 (7 to 21 July), (April 2010). Each isocontour represents the area contribut-
was chosen to be after the monsoon onset. Nine rainyng to 25, 50 and 75 % of the observed sensible heat flux,
days were observed during this 15-day period, in whichrespectively. One has to keep in mind that our averaging pro-
97 mm of rainfall accumulated. The high soil water con- cedure favors daytime footprints which extend to typically
tent (~0.12 cnt¥ cm3, Fig. 2g) favored the development of 70m upwind. The method gives less importance to night-
the herbaceous layer (LAt 1.5 m~2, Fig. 2g). The net time footprints, which can extend up to 750 m upwind. Dur-
shortwave radiation shows a strong day-to-day variabilitying period P1 (Fig. 4a), the measurements were likely af-
(Fig. 3a). These variations were related to changes in cloudected by shrubs upwind. The riparian forest located to the
cover, which reduced the incoming shortwave radiation. Be-north of the site (which appears at the top of Fig. 4a) was far
cause of the vegetation cover and the wet state of the surenough away and did not significantly influence the measure-
face, the albedo reached values lower than in the dry seaments. During this period, the footprint extension was lim-
son ¢~ 0.15, Fig. 3c) and the outgoing shortwave radiation ited to 70 m. During period P2 (Fig. 4b), the wind direction
was reduced. In turn, the surface cooling reduced the outvaried considerably, but the footprint mainly remained over
going longwave radiation and thus increased the net longbare soil areas. Although daytime winds were mainly north-
wave radiation, which reached its highest mean daily valueeasterly winds, south-westerly night winds also significantly
(—37W m 2, Fig. 3b, Table 2). During period P3, the range contributed to the footprint, as this wind direction lasted after
of variation of the daily air temperature was lower thart@Q  sunrise. Thus, the “bas-fond” area (seasonally clogged head-
with a daily mean of about 24C. These wet conditions cor- water area, see Sect. 2.1), which is surrounded by trees, was
responded to a low atmospheric demand (the mean dailypartly included in the footprint. During this period, southerly

VPD was 0.6 kPa, Fig. 2f). winds were also observed from time to time. For these con-
ditions too, some isolated trees likely contributed to the mea-
3.1.4 Wetto dry season and period 4 sured fluxes. During period P3 (Fig. 4c), the wind direction

changed to the south-west. A 0.6 m high herbaceous layer
At the end of the rainy season, when almost no rain occurredhad grown almost everywhere around the flux station in such
the crops were harvested and the remaining senescent an-way that most of the shrubs were overlaid by grass, and the
nual vegetation was burnt mid-November. The soil surfaceturbulent flows were only disturbed by some isolated trees.
began to dry but was not completely dried out (Fig. 2g). TheFinally, during period P4 (Fig. 4d), the vegetation was high
wind direction changed~ 70°) but south-westerly condi- (~2.5m) and the roughness length (0.4 m) and the displace-
tions were observed from time to time; these brought mois-ment height (1.6 m) increased accordingly. For these vege-
ture and sometimes rainfall. tated conditions, the footprint areas were reduced by a factor

The P4 period, from DOY 298 to 312 (24 October to of two compared with the one for P1, and the contributing

7 November) was chosen to be 7 days after the last rainyareas were much closer to the sensors.
event of the wet season. The mean air temperature was close The contributions of fallows or annual crops to 75 % of
to that of the wet season (2€, Table 2), but the daily range the footprint area were respectively 87, 87, 77, and 97 %
was larger (17C). In this period, the vegetation height was for periods P1, P2, P3, and P4. However, the measurements
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Fig. 4. Average footprint corresponding to each of the four selected periods superimposed over a Google Earth image (April 2010). Each
isocontour delimits the area contributing to 25, 50, and 75% of the measured sensible heat flux, respectively. The corresponding wind
rose is shown in each plot for three wind speed classes: 0=2rfred), 2-4 m51 (orange) and 4—6 nTs (yellow). (a) P1 (18 January—

1 February)(b) P2 (26 February—11 March(g) P3 (7-21 July) an@d) P4 (24 October—7 November).

were slightly more affected by the surrounding trees dur-of the regression line was higher than 1 (1.1). This was due
ing period P3. From these analyses, we considered that thi® midday values for which theH + LE) was larger than

flux measurements presented below to be representative @R, — G). This suggests an underestimation of the available
the cultivated areas (mixed fields and fallows) for the four energy, which can be explained by dust deposits on the ra-

studied periods. diation sensor. The sensor opacity impacts the net radiation,
mostly when the sun is high in the sky. For values lower than
3.2.2 Energy balance closure 250 W nt?, the available energy and the turbulent fluxes

were well correlated. However, the turbulent fluxes could
al?e affected by errors that were not detectable. The uncer-

and for the four 15-day periods. Scatter plots of (LEH) :ai:g ;n thetﬁensi:?le ?iﬁt ﬂlf[x fgr %e;iod. Fll wa? te;stimang
VS. (Rn — G) are shown in Fig. 5. At the 30 min timescale, the 0 0, as the ratio of the standard deviation ot the resid-

determination coefficient ranged from 0.90 to 0.97, which uals (linear regression in Fig. 5b) divided by the maximum
indicated that most of the variability in the observed turbu- Va:;e .OfH' iod P2. the sl fth ion 1.04
lent fluxes can be explained by the available energy. Consid- uring perio , the slope ofthe regressionine was -.o4,
ering the whole year (Fig. 5a), the coefficient of the linear SUggesting a good balance closure (Fig. 5¢). The increased

regression (0.84) indicated 16 % of nonclosure, which corre-Scattering for large £ — G) ve_llues was partly due t&y .
sponded to an underestimation ¢f ¢ LE) as compared to measurements that were again partly affected by dust since

(Rn— G). However, the energy balance closure varied, de the sensor had not been cleaned since the middle of the
n— . 3 1 -

pending on the period of the year. During period P1, the deperiod. The uncertainty on turbulent fluxes for this period
! [
termination coefficient was the highest (97 %), but the slope\NaS:':16 %.

The energy balance closure was computed for the whole ye
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For the last two periods, P3 and P4 (Fig. 5d and e), the
800 y= 0.84x+ 137 regression coefficient was significantly lower than 1, indi-
R*= 10092 , 37 cating a strong {25 to —20 %) underestimation of turbu-
i lent fluxes. Because of systematic power shortages during the

& 600 a) all year
S

= 400 i o night, which stopped the gas analyzer until 09:00 UTC in pe-
W 200 . v riod P3, the low values of turbulent fluxes 00 W nt2) in
¥ 0 Fig. 5d only corresponded to evening fluxes. These evening
turbulent fluxes were larger than the available energy. A sim-
-200 ilar pattern was observed for period P4. However, morn-
2000 Rn _Zgo[wfr?,% 600 800 ing values were available for P4, which produced a typical
800 y= 11x+ 58 ou'F-of-phase pattern (flgure-elght-_shaped), shown in Fig. 4d.
— 600 b) P1 R2=0.97 This may be.due to the.vegeta}tm.n cover, _wh|ch acted as
£ a buffer and induced a time shift in the daily peak of the
= 400 soil heat flux. As a result, some hysteresis or asymmetry ap-
W 200 peared. However, this canopy storage accounts for one or two
ha 0 tens of W nt2, which does not explain the observed order of
magnitude £ 100 W n12) of the nonclosure. Previous stud-
-200 ies have shown that secondary circulations seriously affect
20000 -zgo[w‘/‘gg] 600 800 the eddy covariance flux measurements and thus may con-
800 V=104 % T2 tribute to the unclosed energy balance, in particular above
R?= 0.93 heterogeneous terrains (Inagaki et al., 2006; Kanda et al.,
‘E 600 ©)P2 2004; Steinfeld et al., 2007). In our climatic context, Lo-
= 400 hou et al. (2010) showed that the entrainment at the top of
W 200 the boundary layer affected the entire boundary layer down
+ to the surface. We argue that such a situation cannot explain
T o the energy imbalance observed in P3 and P4 because entrain-
-200 ment impacts have been identified at night during transition

-200 0 200 409 600 800 periods when northern and southern wind conditions alter-
Rn-G [W/m?] . S .
nated. During the day, convective situations dominated and

800 y =R92'7=4())(3 37 the thickness of the boundary layer remained large (2 km)
< 600 | d)P3 ' as shown by Doukouré (2011). Thus, considering that the
2 400 net radiation was unbiased during these two periods (sensor
LIJ 200 cleaned py rain), the three cher energy.budget terms cumu-
n lated the imbalance proportionally to their absolute values.

T 0 Although imperfect, the energy balance closure presented

200 in this study was similar or better than what was commonly

200 0 200 400 600 800 found with the eddy covariance method in previous studies
600 Rn '_G [W/m’] (Wilson et al., 2002), especially in the western African re-
y= 079 x+ 20.1 gions (Mauder et al., 2007; Bagayoko et al., 2007; Brimmer
<< 600 . et al., 2008; Ramier et al., 2009; Timouk et al., 2009). In
= 400 conclusion, we considered the consistency and quality of the
LIJ 200 various flux components to be satisfactory.
+
T o0 3.3 Seasonal and daily dynamics of energy budget terms
200 200 0 _ 200 400 600 800 The annual cycle of the four energy budget components is
Rn-G [W/m] shown in Fig. 6. The shaded grey areas show the large daily

amplitude. One can notice the low values of the net radiation

Fig. 5. Energy balance closure for the whole ye@) and in dry season<{ 500 W n12). The sensible heat fluk over

the four studied periods(b) P1 (18 January—1 February); - . - .
(c) P2 (26 February-11 Marchjd) P3 (7—21 July) ande) P4 bare soil had a rather steady behavior, similar to the net radi-

(24 October—7 November). The numbers of available half-hourlyation' Thezda"y megar, and Fhe peak value reached 80 and
data which have been used to compute the regression line werd30 W nT <, respectively. During the wet seasaky was as

11180, 673, 408, 293 and 444, respectively, for the whole year, P1high as 800 W m?, but had a large day-to-day variability due
P2, P3, and P4. to the cloud cover; the average sensible heat flux was half the

value of the previous season. Theth,increased slowly at
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Fig. 6. Seasonal variation of energy fluxes: daily average (black line) and daily range (grey shaded &s@as) oddiation Rn), (b) sensible

heat flux #), (c) latent heat flux (LE) andd) soil heat flux G). The rose and blue shaded areas highlight the dry and wet seasons,
respectively. The vertical bars indicate the four studied periods (same as Fig. 2).

the end of the wet season when vegetation dried and rainfalNevertheless, the median value of P2 was close to the sea-
stopped. The latent heat fluxes, LE, had an opposite behawsonal median value. For the period P3, sensible heat fluxes
ior with very low values during the dry and transition sea- were at their lowest daily values as also shown in Fig. 6b. Fi-
sons, and high values during the wet season (daily maximummally, the drying season was hardly captured with a single 15-
values up to 450 W mP). The soil heat flux showed a wide day period because climatic and surface conditions changed
daily amplitude, but the daily average remained close to zerogreatly during this transition season. To summarize, P1 and
When rainfall occurred on hot soil surface (DOY 95, Fig. 6d), P2 (P3) represented the highest (lowest) sensible heat flux
sharp drops in the ground heat fluxes were observed; thesegime, while P4 was only representative of the beginning
negative values corresponded to a rapid release of energy thaf the wet-to-dry transition season with decaying herbaceous
fed evaporation processes. vegetation. Although it cannot be generalized to the entire
In light of the energy fluxes time series, each period fromwet-to-dry season, the P4 period characterizes a long-lasting
P1 to P4 was well representative of the corresponding seasurface drying episode, with vegetation in senescent phase,
son. This is illustrated in Fig. 7 where box plots of mid- which can be useful for both the parameterization and the
day (10:00-14:00 UTC) sensible heat fluxes were compare@valuation of land surface models.
for each period and each season. The median value of pe- The following paragraphs focus on the four 15-day peri-
riod P1 was slightly higher than for the whole dry seasonods, and more precisely on the daily cyclesry, H, LE
(+20Wm2), but the difference was less than 7% of mid- and G. In order to draw robust conclusions, daily compos-
day value. The sensible heat flux variability during P2 wasites of each energy budget term have been computed. They
largely reduced in comparison to the whole moistening seaare reported in Fig. 8a—d. Table 2 regroups daily statistical
son because a period without any rainy event was chosen.
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mum value was 1% 4 W m~2. This nonnegligible amount
of evapotranspiration may have originated from the transpira-
T 7T - tion of shrubs and sparse trees, located northward as shown in
IR the footprint analysis (Fig. 4a). However, the slight decrease
‘=; i observed in the 0-30 cm soil water content during this period
i B - 5 i (Fig. 2g) suggests a possible contribution of soil evaporation.
~ 1L T The P2 period is rather similar to period P1, since the soil
&5 5 b was still bare. During the P2 period no rainfall occurred and
S air and surface temperature increased, which increased the
: time shift between the sensible heat flux and the net radiation.
At night, the absolute sensible heat flux was lower because
; of weaker wind and the weaker absolute temperature gradi-
T ent (see Fig. 14d and Sect. 3.5). Changes in wind direction
and moisture supply from night monsoon flow did not affect
surface processes, but increased the day-to-day variability of
the energy fluxes since the footprint explored all the direc-
tions around the sensor (Fig. 4b). This is particularly obvious
on latent heat flux statistics (Table 2). However, the slight in-
crease of LE could be attributed to an increase in shrub ac-
Fig. 7. Box plots of midday sensible heat flux/j for the four tiyity. Ir_1deed, Se_ghieri etal. (200.9) h_ave shown t_hat in Suda-
studied periods (red) and the full corresponding season (black).r!'an Cllmate region, shrub f_lowerlng is probably linked to the
Each box represents the median, the 25th, and the 75th quartile§iS€ Of air temperature, which occurs from February to May
the whiskers indicate the maximum and the minimum values ofin the study region. Bearing in mind that flowering involves
H. Period P1 (18 January—1 February); period P2 (26 February-a significant activity, this means that shrubs should have a
11 March); period P3 (7-21 July) and period P4 (24 October—higher transpiration activity in P2 and could also explain the
7 November). increase in latent heat flux between P1 and P2. Thus, the la-
tent heat flux was low (Fig. 8b) but not null in the dry season
on our site, even if the soil surface remained dry.
characteristics including daily means, min and max daily val- During P3 (Fig. 8c), the occurrence of rainfalls changed
ues and their respective standard deviation for each period. both atmospheric and surface conditions dramatically. The
For period P1 (Fig. 8a)R, shows a “bell-shaped” pat- soil remained wet due to regular rainfalls and the annual
tern typical of clear-sky conditions. HoweveR,, reached vegetation was well established. As a consequence, the sur-
a low daily maximum (44229W m2) due to the high face temperature (not shown) had a low daily amplitude (25—
aerosol concentration brought by the Harmattan wind, the32°C) and the net radiation was lower87+ 13 W ni2)
strong surface albede-(0.2), and the large surface temper- for the entire night until 06:00UTC, as compared to the
ature amplitude (18-50C) (not shown). The minimum was previous periods. The cloud cover was lower in the after-
—964+7Wm~2, and the maximum value was reached just noon than in the morning, and the maximum daily was
before noon because of large kyamplitude that increased observed at 13:00 UTC. The daily cycle &f, directly af-
until 13:30 UTC and reached170 W nm2 (Fig. 3b). During  fected turbulent fluxes, which exhibited the same midday
this period,G was in phase with the daily course of the net shape. The surface conditions were favorable to LE, which
radiation. It ranged betweer88+6Wm~2 at night, and  was the main consumer of the available energy. LE peaked at
1744 11 W m? just before noon (Table 2). Despite the high 259458 W m2. However, sensible and ground heat fluxes
surface temperature and hence the high temperature gradientere nonnegligible, with respective maximum daily values
in the soil, G was limited by the low thermal conductivity of 103+38Wm 2 and 88+ 35WnT2. It was also quite
of the dry soil (0.56 Wm!K~1). During nighttime,G did surprising to observe positive latent heat fluxes in the evening
not compensat®, entirely, and negative sensible heat fluxes until midnight (Fig. 8c) (no LE observation was available
were observed+{26+ 10 W m2). During daytime, the sen- later in the night). As§’ ¢’) covariance was always positive,
sible heat fluxH was also bell-shaped, but shifted slightly af- this was not attributed to flux corrections. During the night,
ter noon. As the surface was hot and dry, the available energthe stability was slightly positive (02 0.1), which charac-
was mainly converted intél, which reached its maximum of terized a near-neutral surface layer (Fig. 9¢). This process
326+ 40 W m2at 12:30 UTC. It remained positive one hour may be fed by the release of energy stored into the ground
later thanR, since the atmospheric stability systematically since available energy is positive until midnight (iR, > G
became positive at 18:00 UTC during this period as shownin Fig. 8c). Mauder et al. (2007) also observed positive latent
in Fig. 9a. By contrast, LE was low but nonzero, although heat fluxes at night in Nigeria, which were attributed to the
the soil was bare and the surface was dry. Its daily maxi-advection of dry air over a wet surface. However, in our case
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Fig. 8. Composite diurnal cycle of the energy budget components for the four pefigdt (18 January—1 Februaryly) P2 (26 February—
11 March);(c) P3 (7-21 July) andd) P4 (24 October—7 November). Net radiatia®y( red), sensible heat fluxH, green), latent heat
flux (LE, blue), soil heat flux@, black) and the residual of the energy balance equation (Rgs=G — H — LE, grey); the grey brackets
represent the residual standard deviation.

the positive latent heat fluxes during nighttime were not at-phase pattern already observed on the energy budget closure
tributable to dry air advection as no changes in wind direction(Fig. 5e). We assumed that this phase shift was caused by the
were observed during P3. Incomplete stomata closure duringeight of the vegetation layer (2.5 m), which induced a delay
the nightin C4 species can occur in response to a water-vapan soil surface warming, whereas turbulent fluxes and net ra-
deficit, temperature, or water or nutrient availability (Caird diation followed the dynamics of the skin temperature of the
etal., 2007), any of which can induce nighttime transpirationtop of the canopy (Santanello and Friedl, 2003). However,
(Snyder et al., 2003). Nevertheless, stomatal conductancesne has to remember that, as the surface conditions changed
have to be directly measured to confirm this assertion and taluring this season, little generality can be derived from the
quantify the transpiration contribution observed in the latentanalysis of this P4 period.
heat fluxes at night.

During P4, clear-sky conditions prevailed again, but the3.4 Characterization of surface processes
net radiation rapidly decreased (Fig. 6a) because of the lower _ o )
solar radiation at his period of the year. In addition, the sur-In this section, the energy partitioning is analyzed and dis-
face temperature increased, which lowered the longwave ndiussed with classical synthetic variables such as the evapo-
radiation (Fig. 3b). The daily cycle ok, reached its max- rative fraction, the Bowen ratio and the surface conductance,
imum at noon (62% 78 Wm 2) as well as the other terms in order to identify specific functioning characteristics of this
of the energy budget. During this period, the soil and Vege_Sudanian cultivated area and to derive useful parameters for
tation were drying, and the daily maximum of the latent heatland surface modeling.
flux was continuously decreasing (Fig. 6¢). At night, LE fell . -
to zero one hour afteR, turned negative. This behavior is S-4-1 Energy partitioning and surface characteristics
different from the previous period P3 because night stability
(Fig. 9d) was near unity in P4 while it was near neutral during
period P3. The daily dynamics 6f showed a two-hour delay
in the morning in comparison 8. This explains the out-of-

The midday average evaporative fraction (10:00-14:00 UTC)
(EF) is presented in Fig. 10a for the examination of the
seasonal variations in energy partitioning related to sur-
face conditions. Two contrasting surface behaviors were
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Fig. 9. Box plots of composite Monin Obhukov Stability at Nalohou site durfayyperiod P1 (18 January—1 Feruary) period P2
(26 February—11 March)g) period P3 (7-21 July) angtl) period P4 (24 October—7 November). Each box represents the median and the
25th and 75th quartiles; the whiskers indicate the maximum and the minimum values of the stability.

identified. During the dry season, from January to the end ofwhere neither rain nor change in soil moisture was observed.
February, very low evaporation occurred (EF =0.08); duringIndeed, the maximal value gfwas phased with the renewal
this period, the soil was bare and dry (Fig. 2g). By contrast,of trees or shrubs leaves (Seghieri et al., 2009), and the in-
EF remained high (close to 0.75) and steady in the secondrease in LE was synchronous with leaf development.
part of the wet season, for 4 months as from the monsoon The observed conductanc€s, and the decoupling fac-
onset (22 June 2008; DOY 174). In this period, the soil watertor, €2, are plotted in Fig. 10b for the whole year. During
content exceeded 0.12 émm 2 and EF was not affected by the dry season, when the soil was bafg, was less than
the soil water content or the vegetation development. 1mms ! and the decoupling factor was almost null, mean-
Between these two periods, EF was highly variable in re-ing that surface and the atmosphere were coupled. Because
sponse to isolated rainfall events, which usually occur dur-of the high instability of the surface layer near the ground, the
ing the transition periods. These events induce large fluctumixing imposed the atmospheric water vapor deficit to the air
ations in soil water availability and vegetation stress, whichlayer close to the ground surface. After the monsoon onset
drive the vegetation development in the dry-to-wet period.(as from DOY 174), when the vegetation had grown enough
The dynamics of EF associated with isolated rainfall eventsand the soil moisture no longer limited the vegetation activ-
are clearly illustrated in Fig. 10a; the heavy rainfall that oc- ity, the canopy conductance reached 20 mwith a max-
curred on DOY 325 (20 November 2008) over bare soil andimum value of about 30 mnT$. These values are consistent
after the vegetation burning resulted in an instantaneous inwith the usual values for crops, as observed by Bagayoko et
crease of EF from 0.2 to 0.75, followed by a 10-day decreaseal. (2007) in Burkina Faso. The decoupling factor was still far
A more detailed analysis of the surface response and recorom unity and remained below 0.7. This means that a full
ery associated with rainfall events is presented in Lohou etecoupling between the atmosphere and the canopy water
al. (2013) for all AMMA—-CATCH flux sites. vapor deficit was never observed, even when the vegetation
The Bowen ratio plotted on the same graph (Fig. 10a)was fully developed; the atmosphere was unstable enough to
shows the opposite behavior. The decreases adtarting  mix the air inside the canopy with the boundary layer. At the
around DOY 30 (30 January 2008) is interpreted as the signaend of the wet season, the decrease of soil moisture and LAl
ture of the transpiration of the ligneous vegetation, in a period
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Fig. 11.Midday (10:00-14:00 UTC) evaporative fraction (EF_moy) Fig. 12.Daily cycle of evaporative fraction (EF) for the four periods
versus midday surface conductancg) for the whole year (grey)  (same as Fig. 11).

and for the four periods. P1: 18 January—1 February (red); P2:
26 February—11 March (orange); P3: 7-21 July (blue) and P4:

24 October—7 November (green). only driven by the atmospheric demand and by the available

solar radiation.

3.4.2 Daily cycle of the evaporative fraction (EF)

resulted in a simultaneous decrease of both the conductance
and the decoupling factor. The composite daily cycle of EF from 06:00 to 18:00UTC

To analyze the sensitivity of the energy partitioning to the (Fig. 12) shows a typical “concave up” shape with a mini-
surface conditions along the annual cycle, the relationshipmum around 12:00 UTC. In the morning before 09:00 UTC,
between EF and;s at midday was plotted in Fig. 11. The EF is noisy because negative sensible or latent heat fluxes
graph shows that EF was highly influenced by the surfacecan lead to low values of the surt/ (+ LE), which leads to
conductance whe6's values were lower than 10 mm% as large EF values.
observed for periods P1, P2 and P4. By contrast, EF was no During periods P1 and P2, EF was very low and showed
longer driven by the surface conditions wh@gwas higher  negligible differences during the day, except at sunrise and
than this threshold value, as observed in the P3 period, andunset. Although clear in Fig. 8a and b, the time shift ob-
more generally after the onset; the evapotranspiration waserved on the sensible heat fluxes has no marked effect on
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Fig. 13.Daily cycle of the(a) surface conductancé&e), (b) water vapor deficit (VPD),c) aerodynamic conductancé€ §) and(d) tempera-
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P3: 7-21 July (blue); and P4: 24 October—7 November (green).

the daily increase of EF (Fig. 12). In period P3, EF in- In order to analyze the flux partitioning and the surface
creases continuously during daytime from 09:00 UTC (0.69)control on evapotranspiration more precisely, the average
to 16:00 UTC (0.80). Gentine et al. (2007) extensively stud-daily cycles of aerodynamiai;) and soil/canopy(s) con-

ied EF and simulated an increase of EF at the end of theluctance were plotted in Fig. 13 for the four periods. For pe-
afternoon due to a thermal inversion into the canopy, wherriods P1 and P2 the soil was bag, was quite similar except

the temperature of the vegetation was greater than that of theetween 02:00 and 06:00 UTC (Fig. 13c), afidvas very

soil. Such inversions, characterized by £, were not re-  low all day long & 01 mm s'1) as already discussed. During
ally observed in Nalohou except very late in the afternoonthe wet period (P3)G4 had the same daily magnitude as it
(18:00 UTC) during P3. This diurnal increase in EF was bet-did during preceding periods and reached 90 m slow-

ter explained by Gentine et al. (2012), who also showedever, G, remained as high as 30 mm'sduring the night.

that it can be due to a time shift between sensible and laThis means that the atmospheric resistance to vapor trans-
tent heat fluxes. Such a time lag was observed in period P8r was low at night during this period, and thus that turbu-
when the maximum value of the latent heat flux was observedent surface—atmosphere exchanges, enhanced by wind shear,
later than that of the sensible heat flux. Such a behavior rewere possible, as shown in Fig. 8c for LE. During period P3,
sulted from a slower increase of the surface temperature inwhen the vegetation was fully developed, the daily cycle of
the morning as compared to the increase in the net radia&swas clearly dissymmetric, with higher values in the morn-
tion. This shift was caused by the high evapotranspirationing (nighttime values were not available). For period P4 (wet-
rate during period P3, which attenuated the diurnal range ofo-dry transition),G 5 at midday was much higher than in the
the sensible heat flux. During period P4, the diurnal cycleother periods, due to a higher roughness length when herba-
of EF shows a pronounced but typidalshape, resulting in  ceous vegetation was high. In this perigg; was also the

the afternoon from the rapid decrease in the sensible hedbwest during the night because of higher stability (Fig. 9d).
flux before 18:00 UTC (Fig. 8d) because of the rapid radia-The surface conductand@s, of the senescent vegetation was
tive cooling (see Fig. 13d) and the subsequent stratificatiorhigh (24 mm s1) in the morning (07:00 UTC) and similar to
(Fig. 9d). the one observed in P3, but it decreased rapidly. It was four
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Fig. 14.Observed bare soil resistanegd) vs. 5cm soil moisture
(9) (black dots), and Lee and Pielke (1992) (dashed line), Sellers et
al. (1992) (dash dotted line), and Sakaguchi and Zeng (2009) (wit

curvature parametes =5, thin line) soil resistance models. qowmg a power law, as observed by previous authors (van

de Griend and Owe, 1994; Aluwihare and Watanabe, 2003).
The rsoii modeling laws proposed by Sellers et al. (1992),
times lower than in P3 at 09:00 UTC; the midday value ~ Le€ and Pielke (1992), and Sakaguchi and Zeng (2009) were
was much lower (3 mnTs) than during period P3. superimposed in Fig. 14. It can be seen that Sellers’ formu-
Hereafter, the surface conductance observations werktion overestimatessoi for all soil moisture values. Thus,
compared to modeling results of specific processes such dhis model will systematically underestimate bare soil evap-
bare soil evaporation and canopy transpiration. The aim ofration. Similarly, the Lee and Pielkeoi function underes-
this comparison is to identify the respective contributions timates evaporation, but for low soil moisture values only.
of aerodynamic, soil, stomata, and roots conductances, andin® Sakaguchi and Zeng function fits much better with the
to check the ability of standard models to reproduce thesélata. However, none of these models were able to reproduce

observations. the high values of the bare soil conductance observed for dry
conditions, when the soil matric potential was high, but this
3.5 Evaluation of surface conductance models would only slightly affect the simulation of bare soil evap-

oration since very little water is available at the surface for

The surface conductance is the sum of the canopy and théhese conditions.
bare soil conductances, which have specific formulations and The dynamics of the surface conductanég)(for vege-
may account for different water vapor deficits. For bare soils,tated surface conditions (wet season) was simulated with the
the surface water vapor conductance is mainly limited by theBall-Berry stomata conductance model (Collatz et al., 1992),
soil resistancergqi), which depends on the soil moisture, and compared t@s estimated from the observations. The
whereas the canopy conductance is regulated by more conperiod considered spans from DOY 189 to DOY 313 and in-
plex photosynthetic processes, soil water availability, etc. Wecludes P3. Three typical days in the wet season have been
took advantage of the contrasting surface conditions foundthosen to illustrate the observed and simulataddynam-
on our experimental plot to explore the soil resistangg) ics in relation to rainfall (Fig. 15). During these three days,
behavior when the soil was bare at the beginning of the yearGs was well simulated in the second half of the day, but
The canopy conductance was assessed when the vegetatitange Gs peaks were observed after the rainy events (12 and
had grown, and can be modeled by a “big leaf” approachl4 September), and also in the morning whereas no rain oc-
(Jarvis and McNaughton, 1986). For the Nalohou site, theseurred the day before (13 September). As these peaks were
conditions were achieved in the second part of the rainy seanot simulated by the Ball-Berry stomata conductance model,
son. During this period, light extinction in the vegetation we hypothesized that they were caused by evaporation of ei-
cover prevented significant soil evaporation. ther intercepted water or dew deposits; these processes were

The soil resistancer{,j =1/ Gs) for bare soil conditions, not accounted for in the conductance model. Unfortunately,
computed from Eg. (4), was plotted against the surface soibs eddy covariance data were not available in the morning
moisture measured at 5cm depth in Fig. 14. The soil re-during period P3, the systematic dew deposition cannot be
sistance increased rapidly when the soil moisture reachedssessed during this period.
the residual saturation (0.02m—3). For higher surface soil
moisture, between 0.02 and 0.18m3, it decreased fol-
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Symmetric (12 September) and dissymmetric daily pat-

terns of simulatedss were observed (Fig. 15) with higher % y=083x
values in the morning (13 September). This dissymmetric Rizos2 -
shape was also observed during one of the 15-day periods, P3 25 X
(Fig. 13). As stated by Collatz et al. (1992), a temperature- _ S
induced limitation of photosynthesis can occur when the tem- % 20 : S
perature of the vegetation is higher thar®80 This temper- £ o3 k)
ature, calculated from longwave radiations, was frequently & 15 ALY
higher than 30C in the early afternoon in P3 and P4 (not 3 ._,_{f.' r
shown). Associated with the evaporation of intercepted wa- & %A .
ter, we concluded that these high temperatures were respon- é 10 -...’: '.',.""
sible for the higheiGs values in the morning as compared ) ':,:.'5 ¢
to the afternoon observed on Fig. 13a for periods P3 and P4. 5 g f st
The model seems to reproduce this effect well. L. e

To quantify the ability of the Ball-Berry model to simulate 0
the conductance beyond these 3 days, the observed vs. simu-

0 5 10 15 20 25 30

lated G values were plotted for the whole vegetated period
(Fig. 16). To remove dew or rainfall effect, the three hours af-
ter sunrise and the six hours after rainfall have been excludegtig. 16. Afternoon half-hourly observed vs. modeled (Ball-Berry)
from the analysis. Figure 16 shows that the conductance wasurface conductance¢) during the vegetated period (DOY 189—
satisfactorily simulatedr-€ =0.92) by the Ball-Berry model DOY 313) (grey dots). Superimposed blue (resp. green) dots stand
with the default C4 grass parameter set. Then we can confor period P3 (resp. P4). P3 (7-21 July) and P4 (24 October—
clude that the Latent heat flux was mainly supplied by tran-7 November).
spiration. The temperature effect was also well reproduced
and has to be taken into account in SVAT (soil-vegetation—
atmosphere transfer) modeling. Any SVAT simulation pro- set (22 June), EF reached a constant value (EF=0.75), and
ducing a biased leaf temperature will also simulate a biasedoil moisture no longer limited transpiration (surface con-
evapotranspiration rate. In particular in this Sudanian regionductance- 10 mms1), which was only controlled by the
the daytime leaf temperature varies around the most efficienatmospheric water vapor deficit. EF slightly increased dur-
temperature limitation~ 30°C). Thus the photosynthesis ing the day because evapotranspiration was delayed due to
regime is often close to its maximum, and any negative orheating processes. Latent heat fluxes were observed until
positive bias in the leaf temperature will lead to an underes-midnight, which evidences the persistence of stomata activ-
timation of the canopy conductance, and thus of the transpiity in the first part of the night. In the dry-to-wet (March—
ration. April) and wet-to-dry (November—December) transition sea-
sons, isolated rains induced rapid changes of soil moisture
and vegetation activity, and thus rapid changes in the en-
4 Conclusions ergy partitioning. These periods with high time-variability
of surface properties are very useful in evaluating the abil-
The paper analyzes a one-year surface energy budget daiiy of standard models to reproduce the dynamic of energy
set, collected in 2008 over a cultivated area in northern Benirflux partitioning.
(western Africa). To the authors’ knowledge, this is the first We showed that the Sakaguchi and Zeng (2009) soil resis-
time an entire seasonal cycle of surface fluxes was analyzethnce model fit the soil evaporation data well during the dry
for this Sudanian region. The study shows a contrasting beand dry-to-wet seasons, and that the Ball-Berry stomata con-
havior of all the energy budget components, depending orductance model accurately simulated the transpiration during
the phases of the rainy season. the wet season. The limiting effect of surface temperature on
In the dry season (January—February), the mean daily sertranspiration above 3@ detected in the observations was
sible heat flux (72 W m?) represented 92 % of the available also well reproduced by the Ball-Berry model. The study
energy because of prevailing bare soil conditions. A low butevidenced the large seasonal and daily amplitude of the skin
persistent latent heat flux was measured and attributed to theurface temperature, and the role it plays in all the surface
transpiration of a few neighboring sparse bushes, possiblprocesses by (1) increasing the long wave radiation and thus
fed by the water table. In the wet season (May—October)Jimiting the net radiation during the dry season; (2) increas-
the mean daily evapotranspiration was highly variable (froming ground heat fluxes and energy storage, and thus limiting
50 to 200 W nT2), in response to the variability of the atmo- transpiration during the wet season; (3) controlling C4 vege-
spheric forcing; the evaporative fraction (EF) was variabletation transpiration. As a consequence, specific attention has
accordingly, ranging from 0.25 to 0.8. After the monsoon on-to be paid to the representation of surface temperature in

Modeled Gs [ mm/s']
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land surface models to ensure a correct simulation of surfac@oone, A., Decharme, B., Guichard, F., de Rosnay, P., Balsamo,
energy fluxes. G., Beljaars, A., Chopin, F., Orgeval, T., Polcher, J., Delire, C.,
The quality of this data set makes it attractive for further ~Ducharne, A., Gascoin, S., Grippa, M., Jarlan, L., Kergoat, L.,
research, including local evaluation of surface fluxes in land Mougin, E., Gusey, Y., Nasonova, O., Harris, P., Taylor, C., Nor-
surface or atmospheric models. Further studies in this region 93ard. A., Sandholt, 1., Ottlé, C., Poccard-Leclercq, I., Saux-
should focus on other land cover types, such as forest ar- Picart, S., and Xue, Y.: The AMMA Land Surface Model Inter-

. . . i Project (ALMIP), B. Am. Met l. Soc., 90, 1865—
eas. A comprehensive understanding of the processes driv- igggazrggga roject ( ) m. Vieteorol. 5oc., 58,

ing the energy cycle for contrasting vegetation covers WOUldBrUmmer, C., Falk, U., Papen, H., Szarzynski, J., Wassmann, R.,
allow for a better understanding and simulation of the im- 54 Briiggemann, N.: Diurnal, seasonal, and interannual vari-
pacts of land cover changes on the exchanges of energy at ation in carbon dioxide and energy exchange in shrub savanna
the surface—atmosphere interface in western Africa. in Burkina Faso (West Africa), J. Geophys. Res., 113, G02030,
doi:10.1029/2007JG000583008.
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