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Abstract

This article describes measurements made at each site and for each vegetation cover as part of the
soils program for the HAPEX-Sahel regional scale experiment. The measurements were based on an
initial sampling scheme and included profile soil water content, surface soil water content, soil water
potential, infiltration rates, additional measurements on core samples, and grain size analysis. The
measurements were used to categorize the state of the surface and profile soil water regimes during
the experiment and to derive functional relationships for the soil water characteristic curve,
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unsaturated hydraulic conductivity function, and infiltration function. Sample results for different
supersites and different vegetation covers are presented showing soil water profiles and total soil
water storage on days comesponding to the experimental ‘Golden Days’. Sample results are also
presented for spatial and temporal distribution of surface moisture content and infiltration tests. The
results demonstrate that the major experimental objective of monitoring the supersites during the
most rapid vegetative growth stage with the largest change of the surface energy balance following
the rainy season was very nearly achieved. Separation of the effects of probable root activity and
drainage of the soil profile is possible. The potential for localized advection between the bare soil and
vegetation strips of the tiger bush sites is demonstrated.

1. Introduction
1.1. The HAPEX-Sahel experiment

The HAPEX (Hydrologic Atmospheric Pilot EXperiment) Sahel (referring to the
climatic region bordering the southern Sahara from Senegal to Somalia) experiment
was one in a continuing series of regional scale experiments which bring together
teams working in the areas of hydrology, ecology, soil science, biological science,
atmospheric science, and remote sensing. Other experiments in this series include
HAPEX-MOBILHY (MOdélisation du BILan HYdrique) conducted in France in
1986 (André et al.,, 1988), FIFE (First ISLSCP (International Satellite Land Surface
Climatology Project) Field Experiment) conducted in the United States in 1987 (Sellers
et al, 1992), EFEDA (ECHIVAL (European International Project on Climate and
Hydrological Interactions between Vegetation, Atmosphere and Land Surfaces) Field
Experiment in a Desertification-threatened Area) conducted in Spain in 1991 (Bolle
et al, 1993), and the BOREAS (BOReal Ecosystem-Atmosphere Study) project
conducted in Canada in 1994 (Sellers et al., 1995). The intensive observation period
(I0P) of HAPEX-Sahel was from 15 August until 9 October, 1992. Planning for this
experiment and establishment of a Coordinating Committee for various components
started in 1989.

The overall objective of these experiments is to improve understanding of the physical
and biological processes of the Earth’s ecosystem, hydrologic system, and atmospheric
system. Improved understanding of these processes will allow for more accurate evalua-
tion of humankind’s impact on the planet and better projections of future climates and their
effects. The experiments have been operated in different ecosystems and climates
(HAPEX-MOBILHY - temperate and humid; EFEDA - temperate and arid; HAPEX-
Sahel ~ tropical and arid; BOREAS - temperate boreal forest) to improve our under-
standing of physical and biological processes over different land surface types which cover
large portions of the Earth’s land mass.

The experimental area of HAPEX-Sahel comprised an approximately 100 km by 100 km
grid square between 13 and 14°N latitude and 2 and 3°E longitude. It included Niamey,
capital of the Republic of Niger, and part of the Niger River. The experimental terrain was
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made up of the remains of the Continental Terminal which is dissected by sand-filled
valleys which are in turn separated by plateaux. The major vegetation types are arable
crops (predominantly millet), fallow savanna, and a sparse dry-land forest known
locally as tiger bush. The tiger bush is confined to the laterite plateaux. Vegetation
density decreases in a northerly direction over the region in response to the long-term
rainfall gradient. A general description of the experiment including experimental
approach, spatial and temporal sampling strategy, areal and climatic descriptions,
instrumentation, and samples of data collected is given in Goutorbe et al. (1994).
This article will focus on description of measurements of soil physical properties and
soil water monitoring during the HAPEX-Sahel intensive observation period (I0P). The
objective of this paper is to serve as a reference for future work dealing with the soils data
from HAPEX-Sahel.

1.2. Soils component of regional experiments

Soil water conditions are basic input data for hydrologic balance, atmospheric, and
climatic modeling studies. The status of the soil water profile is generally required for
model initialization, calibration, and verification. Soil water affects all phases of the
continental water balance since infiltration and evapotranspiration processes vary as a
function of the degree of soil saturation (Taylor and Ashcroft, 1972; Hillel, 1982). Recog-
nition of the importance of soil moisture conditions to general circulation model (GCM)
initialization and verification necessitated regular monitoring of profile soil water within
HAPEX-MOBILHY, the first large scale experiment of this type (André et al., 1988). The
seasonal variation of soil water content was clearly demonstrated by almost 2 years of
profile soil water data taken at 12 sites over the 100 km by 100 km HAPEX-MOBILHY
grid (Goutorbe et al., 1989). In this case, the rewetting pattern from winter precipitation
was clearly shown to depend on soil texture.

The hydrologic balance computed using the comparatively slow changes in soil water
status has been used to verify cumulative flux measurements made by surface instruments
operating over shorter time periods (Cuenca, 1988; Goutorbe et al., 1989; Cuenca and
Noilhan, 1991). Measurements of changes in soil water content at multiple locations
within the same measurement site can give insight into the expected spatial variability
of fluxes which are integrated by surface instrumentation. The variation of soil water
properties can be used to estimate reasonable ranges of expected variation of a hydrologic
balance on a regional scale for similar soil conditions. Up-scaling from point to areal or
regional estimates of the hydrologic balance can be aided by measurements of soil proper-
ties for soils of similar length scales (Nielsen et al., 1973; Simmons et al., 1979; Hopmans
and Stricker, 1989; Warrick, 1990; Clausnitzer et al., 1992).

The soils component of HAPEX-Sahel was integrated into the project from the initial
stages of planning in 1989. A protocol for the soil measurement program was developed in
joint meetings with representatives of all teams scheduled to make such measurements.
This protocol included an initial soil water sampling strategy for each site, selection of
long-term and IOP monitoring sites based on the initial sampling, and the protocol for soil
water content and potential measurements for each vegetation cover. Details for each
supersite and vegetation cover are described in Section 2. (A supersite is defined as an
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experimental area comprised of at least three different vegetation covers each monitored
using associated flux measuring equipment.) The high degree of uniformity of soil water
and soil property measurements carried out at each site was due to the coordination and
communication between the various soil monitoring teams. In this sense, HAPEX-Sahel
can be used as a model for large scale, multi-disciplinary experiments.

Table 1

Information on soil measurement program for Central East Supersite on all vegetation subsites (Fallow, Millet,
Millet on Sandy Skirt, Tiger Bush) except as noted

Initial sampling
Gravimetric sampling by auger to 1 m depth on 6 by 6 grid with 50 m spacing between sample points — beginning,
middle and end of rainy season

Profile soil water content
Instrument
Number of access tubes

Solo Model 25 Neutron Probe
11 (based on original 50 m by 50 m grid)

Depths monitored
Frequency

Procedure

Surface soil water content

Instrument
Sample points
Depths monitored
Frequency

Procedure
Instrument
Sample points
Depths monitored
Frequency

Soil water potential
Instrument

Sample points
Depths monitored
Frequency
Instrument

Sample points
Depths monitored

Infiltration tests
Instrument
Sample points
Tensions
Procedure

Start at 10 cm, every 10 cm to 1.0 m, every 20 cm from 1.0to 3.6 m
IOP and rainy season — 3 times week ™'

End rainy season to December — 1 time week ™

December to start rainy season — | time week ™

1 reading per depth layer, 20 s count time

Trase TDR (Tiger Bush excluded)

21 on 3 by 7 grid with 50 m spacing

0 to 15 cm integrated

1 to 7 days in Millet and Fallow. In conjunction with NASA C-130 and PORTOS
overflights on Millet-Sandy Skirt

1 to 3 samples per point

Gravimetric sampling (Including Fallow INRA, excluding Tiger Bush)

i5

01005,05t02,2t05,5t010,10to 15¢m

In conjunction with NASA C-130 and PORTOS overflights on Millet-Sandy Skirt

Tensimeter hypodermic tensiometer
Same as neutron probe

200 and 250 cm

Same as for Profile soil water

Hg tensiometer

1

5, 10, 40, 65, 90, 115, 140, 190, 220, and 240 cm (220 maximum in Millet)

Tension infiltrometers — 25, two 8 and 4.85 cm diameter

3 sites with 4 infiltrometers at each site

115,9,6,3,1,and 0 cm

Measured crust and graded sand base (no graded sand base for Millet)

Additional data collection

100 cm* surface density samples, 4 samples per access tube, 3 sample dates during rainy season (no additional
sampling for Millet on Sandy Skirt and Tiger Bush)
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Information on soil measurement program for Central West Supersite on all vegetation subsites (Bush-Grassland,
Grassland, Degraded Bush) except as noted

Initial sampling
None

Profile soil water content

Instrument

Number of access tubes

Depths monitored
Frequency
Procedure
Instrument
Sample points
Depths monitored

Frequency

Surface soil water content

Instrument
Sample points

Depths monitored
Frequency
Instrument
Sample points

Depths monitored
Frequency

Soil water potential
Instrument

Sample points
Depths monitored
Frequency

Infiltration tests
Instrument
Sample points

Tensions
Procedure

Additional data collection

CPN Hydroprobe Model 503 —~ Neutron Probe

12 in Bush Grassland, 14 in Degraded Bush, 4 in Grassland, 10 in Millet

15, 25, 35, 45, 60, 75, 95, 115, 135, 155, and 170 cm

IOP - every other day

| reading per depth layer, 16 s count time

Tektronix Cable Tester, Easy Test TDR

4 in Bush Grassland, 4 in Degraded Bush, 2 in Grassland, 4 in Miliet

5 and 10 cm (sensors horizontal) and 20 to 30 and 40 to 50 cm (sensors vertical) (3
replications at each depth per standard plot)

IOP - every other day

Easy Test TDR

10 in Bush Grassland on transect, 41 in Degraded Bush on 5 parallel transects, 32 in
Millet irregularly placed

5 and 10 cm (sensors horizontal)

IOP — every other day

Gravimetric Sampling (excluding Millet)

10 in Bush Grassland on transect, 41 in Degraded Bush on 5 transects, 27 in
Grassland

0to 10 cm

In conjunction with NASA C-130 and PORTOS overflights. Dates vary by vegetation
cover

Tensimeter hypodermic tensiometer

4 in Bush Grassland, 4 in Degraded Bush, 2 in Grassland, 4 in Millet
25 cm and 45 cm (3 replications)

IOP - every other day

2 matched tension infiltrometers — 18 cm diameter

3 sites in Bush Grassland, 6 sites in Degraded Bush, 3 sites in Millet (2 infiltrometers
per site in each case)

11.5,9, 6, 3, and 0 cm

Measured with and without crust; graded sand base

100 cm” undisturbed soil samples along | profile at 10, 20, 30, 37, 45, and 55 cm depth in Bush Grassland
100 cm* undisturbed soil samples, 2 samples per access tube, 1 at 10-15 cm depth and 1 at 35-40 cm depth in

Bush Grassland

Undisturbed soil samples along one 7 m long transect, 10 sites on transect, 3 samples per site at 10 cm depth, 1
sample each of 100 cm*, 250 cm?, and 600 cm* volume in Bush Grassland

Undisturbed soil samples along 1 transect 10 m long, 10 sample points, 2 samples per point, | of 100 cm®and I of
600 cm* in Degraded Bush

100 cm* undisturbed soil samples, 2 samples per access tube, 1 at 10-15 cm depth and | at 35-40 cm depth in

Millet
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2. Instrumentation and data collection
2.1. Data collection by supersite and vegetation cover

This section describes in some detail the soils-related measurements made at each
supersite and for each vegetation cover within HAPEX-Sahel. The types of measurement
are described for the categories of initial sampling, profile soil water content, surface soil
Table 3

Information on soil measurement program for Southern Supersite on all vegetation subsites (Fallow, Millet, Tiger
Bush) except as noted

Initial sampling
30 access tubes installed to 2 m depth on 6 by 5 grid with 50 m spacing between sample points - beginning,
middle and end of rainy season (Tiger Bush excluded)

Profile soil water content

Instrument IH Neutron Probe Model 2

Number of access tubes 10 (based on original 50 m by 50 m grid) for Fallow and Millet. 20 in Tiger Bush
along 2 transects

Depths monitored 10, 20, 25, 30, 40, 60, 80, 100, 120, 140, 160, 180, and 200 cm
Frequency IOP - 1, 2, 3, 5, and 7 days after rainfall 10 mm
Dry season — monthly

Procedure | reading per depth layer, 16 s count time

Surface soil water content

Instrument IH Surface Capacitance Insertion Probe

Sample points In vicinity of 10 access tubes

Depths monitored 0 to 5 cm integrated

Frequency Same as for Profile soil moisture

Procedure S samples per point

Instrument TH Surface Capacitance Insertion Probe

Sample points 42 on 6 by 7 grid with 50 m spacing

Depths monitored 0 to 5 cm integrated

Frequency In conjunction with NASA C-130 overflights

Procedure 3 samples per point

Soil water potential

Instrument Hg tensiometer

Sample points 3

Depths monitored 20, 40, 60, 80, 100, 120, 150, 180, 210, 240, 270, and 300 cm (maximum 120 cm in
Tiger Bush)

Frequency Same as for Profile soil water

Infiltration tests (Tiger Bush only)

Instrument Tension infiltrometer -~ 14.7 cm diameter
Sample points 11

Tensions 39and 0.4 cm

Procedure Measured with crust; graded sand base
Instrument Guelph permeameter

Sample points 15

Procedure Measure in 45 mm diameter hole

Additional data collection
Grain size analysis for Tiger Bush area in conjunction with Guelph permeameter tests
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water content, soil water potential, infiltration tests, and additional data collection. This
information is indicated in tabular form for each supersite (Tables 1-3).

The general sampling protocol called for initial gravimetric sampling of soil water
content to 1 m depth on a five by six point grid for each vegetation cover with approxi-
mately 50 m spacing between sampling points. The purpose of the initial sampling was
two-fold. One reason was to allow for geostatistical analysis of the spatial variability of
soil water and eventually soil properties using these initial samples (Vauclin and Vachaud,
1981). The other was to determine representative locations for neutron probe access tubes
which would be monitored frequently during the IOP, as well as over a longer time span
for some sites. For neutron probe monitoring, the protocol called for ten sites (i.e. ten
access tubes) per vegetation cover with measurements starting at 10 cm depth and con-
tinuing every 10 cm to 1.0 m depth and every 20 cm thereafter. Representative locations
were chosen to cover the full range of soil water conditions found within each subsite. The
monitoring frequency was to be triggered by rainfall events during the IOP — the protocol
called for monitoring 1, 2, 3, 5, and 7 days after rainfall of magnitude greater than 10 mm.
During the operational phase of the experiment the protocol was varied dependent upon
the number of sites to be monitored in comparison with instruments and technical
personnel available.

Measurements of soil water content in the surface layer, on the order of 0 to 20 cm depth
(for which a separate calibration is required for the neutron probe) were made at all sites
using either time domain reflectometry (TDR) or a capacitance probe, both of which
depend on the large difference in dielectric constant between a dry soil and water
(Schmugge and Becker, 1991). These measurements were made in support of soil physical
property studies by individual soil teams as well as in support of remote sensing over-
flights by aircraft carrying microwave instrumentation, i.e. the NASA C-130 and the
French ARAT Fokker 27 flying the PORTOS system (Nichols et al., 1993; Goutorbe
et al., 1994).

Soil water potential measurements and infiltration measurements were made in support
of specific objectives related to determination of soil physical properties and soil water
balances. These properties, the definitions of which are essential for simulation models at
various scales, include the soil water characteristic curve (relating potential to soil water
content), the infiltration function (relating infiltration rate to soil water content and time),
and the hydraulic conductivity function (relating hydraulic conductivity to soil water
content or potential). Potential measurements were made using water filled tensiometers
with either classical mercury (Hg) manometers or monitored by insertion of a hypodermic
needle into the tensiometer cap and using a pressure transducer to measure water pressure
(Mullins, 1991). Soil water potential measurements were made in the vicinity of neutron
probe monitoring tubes, but generally at fewer sites than the neutron probe monitoring.

Valentin and Bresson (1992) demonstrated the effect of surface crusts in tropical soils,
building on the classical work in this area by Casenave and Valentin (1989). Control of the
infiltration process by crusts, rarely of concern in temperate soils, is an essential element in
understanding the redistribution of rainfall throughout the HAPEX-Sahel experimental
area. Infiltration measurements were generally made using a tension infiltrometer (Jarvis
et al., 1987; Perroux and White, 1988) while some tests were made using the saturated
stain method (Boiffin and Monnier, 1985) or the Guelph permeameter (Reynolds and
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Elrick, 1985). Use of the Triple Ring Infiltration Measurement System (TRIMS) required
infiltration measurements using infiltrometers with different base radii operated under
different tensions (Vauclin and Chopart, 1992). For soils with a stable structure (i.e.
negligible swelling or shrinking during the infiltration test), results from the tension
infiltrometer systems can be used to infer the functional relationship between hydraulic
conductivity and soil water potential (Reynolds and Elrick, 1991; Ankeny et al., 1991;
Thony et al., 1991).

Additional data collected included surface density samples, core samples for later
laboratory analysis, and grain size analysis. Review of Tables 1-3 indicates an impressive
degree of uniformity of measurements made at the various sites and quite satisfactory
adherence to the sampling protocol established for this aspect of the experiment.

2.2. Instrument calibration

Numerous difficulties were experienced working in the Sahelian environment which
affected both equipment and personnel. In certain cases, unusual techniques had to be used
for installation and calibration of instruments applied in the soils program. A description
of techniques used to calibrate the various instruments follows. Some detail is given in
order that this article may be used as a reference for future work dealing with soil data
from HAPEX-Sahel.

2.2.1. Neutron probe

At the Southern Site, field calibration based on the technique described by Bell (1987)
was carried out for a sandy soil typical of the millet and fallow sites. Six aluminum access
tubes of 44.5 mm external diameter (1.5 mm wall thickness) were installed for the purpose
of calibration only. Two 16-s counts were taken at depths of 10, 20, 25, 30, 40, 60, and 80
cm. Three samples for gravimetric analysis were taken from each depth using cores 4.8 cm
in diameter and 10.0 cm in length. The samples were taken less than 5 cm radially from the
access tube. The calibration was conducted in October at the end of the rains. The soil
around some of the access tubes was irrigated to obtain a range of water contents typical of
those expected in the field during the wet season.

The results obtained from depths 30 cm were very similar to those obtained by Grime
(1992) for similar depths. The data of Grime (1992) were therefore combined before

performing the regression analysis which resulted in the standard linear form of the
calibration equation:

6, =a +b, (";"T’) M)

where

@, = volumetric soil water content, %
a, = intercept constant

b, = slope constant

NM . = neutron meter count

ST, = standard count (in water drum)

ot

with a; = —2.20 and b, = 74.13 for this site.
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Data from the 10 cm depth were clearly different from those at deeper depths and a
separate, quadratic calibration equation was derived using regression analysis for the data
from this depth. The resulting quadratic equation was:

NM, NM\?

0 —a2+b2( ST > ( STC> 2)
where the terms are as described for Eq. (1) with a; = — 3.9, b, = 181, and ¢, = 428 for this
site. While there was some evidence that data from the 20 and 25 cm depths behaved
differently from those at depths 30 cm, the difference was not considered sufficient to
warrant a separate calibration equation. Data from the 20 and 25 cm depths were therefore
converted to volumetric water content using Eq. (1).

Non-standard methods had to be used to calibrate the neutron probe at the tiger bush
sites due to the very stony nature of the material. Two 500-g soil samples were taken from
the pulverized soil blown out by motorized drills used for the installation of access tubes.
The samples were oven dried and sent to the Centre d’Etudes Nucléaires de Cadarache in
France. The samples were subsequently analyzed using the nuclear absorption—desorption
technique described by Couchat et al. (1975). The mean of the results from the two
samples were used for the calibration assuming a bulk density of 1.8 g cm” 3 The resulting
calibration equation has the same linear form as Eq. (1) with different constants a; and b 3
Constant a varies from 3.64 to 62.41 for bulk densities ranging from 1.0 to 4.1 Mg m>
(bulk density range from low density soils to certain iron minerals); b; varies from 96.7 to
104.2 for the same range in bulk density, assuming no change in the composition of the
mineral fraction.

A difficulty with the method of Couchat et al. (1975) is that it allows for corrections to
the calibration equation to be made when soil bulk density changes, but only if that change
is due to a change in pore volume, i.e. not if the change in bulk density is due to a different
composition of the soil solid (or mineral) fraction. In other words, the specific density and
the neutron interaction characteristics of the solid fraction must remain unchanged. In the
case of the lateritic tiger bush soil at the Southern and other supersites, changes in bulk
density of the soil are often related to increases or decreases in the proportion of the solid
fraction of the soil that consists of relatively heavy iron minerals (bulk density up to
4.1 Mg m™>), in addition to simple increases or decreases in pore volume. In this case
the specific density of the soil solid fraction does vary. This resulted in a potential diffi-
culty in neutron probe calibration at the tiger bush sites. Indeed the reported volumetric
soil water contents at the tiger bush sites appear very high compared to other vegetation
covers. For this reason the data for soil water content from the tiger bush sites is shown as
‘relative’ in Figs. 14-17.

Calibration using the technique described by Couchat et al. (1975) does not account for
escape of neutrons when measurements are made close to the soil surface, i.e. at depths
Jess than 15 to 20 cm. It is this escape of neutrons from the soil surface, without the
opportunity to be reflected back to the counter after impact with hydrogen atoms, which
required use of the two calibration equations indicated above as Egs. (1) and (2). Parkes
and Siam (1979), using a technique proposed by Grant (1975), published correction factors
to convert observed count ratios (NM./ST.) in the surface layers to corrected count ratios,
i.e. the count ratio which would occur if there were uniform soil conditions in all directions
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from the neutron source. These correction factors gave results which compared favorably
with water contents in the surface layers determined gravimetrically in the millet and
fallow sites. The Parkes and Siam (1979) correction factors were therefore applied to
data from the 10 cm depth in the tiger bush before application of the linear regression
equation for 0,.

Similar gravimetric calibration techniques for the neutron probe were carried out at the
Central Site East except that bulk density measurements were made at the time of calibra-
tion tube installation using a gamma probe (Bertuzzi et al., 1987). Samples from the tiger
bush site were also sent to the Centre d’Etudes Nucl€aires de Cadarache in France.
Calibration equations in the form of Eq. (1) were developed for each site in which the
intercept term a, varied as a function of depth and the slope term b, was maintained as a
constant for each site. b, varied from a low of 66 in the millet to a high of 92 in the tiger
bush, while a, varied from 3.7 at depths below 280 cm to 0.2 at 10 cm depth in the millet
and from 18.0 at depths below 30 cm to 15.0 at 10 cm depth in the tiger bush. Three
individual neutron probes were cross-calibrated against the one probe used in the calibra-
tion process based on intercomparison of the count ratio made by all probes in seven
access tubes covering relatively moist to relatively dry soil conditions.

2.2.2. Time domain reflectometer (TDR)

TDR measurements are based on the difference in the dielectric constants of water (80),
air (1), and soil particles (about 8). The dielectric constant is calculated as a function of the
speed of light, the time of travel of the TDR signal in parallel rods inserted into the
medium being measured and the length of the rods (Roth et al., 1990). Measurements at
the Central Site West were made using three instruments; a Tektronix cable-tester in
combination with automatic waveform analysis (Heimovaara and Bouten, 1990), and
the FOM/m system and FOM/mts system of Easy Test both of which display water content
through internal conversion of travel times. The accuracy of the internal conversion was
not adequate and laboratory calibration was made to determine an equivalent dielectric
constant and calibration to soil water content for all systems. The calibration concentrated
on the dry range of soil water content, resembling expected field conditions.

Fourteen undisturbed samples were taken from different subsites of the Central Site
West for TDR calibration. Nine additional samples were packed in the laboratory to a
density comparable with the undisturbed samples to analyze the very dry range. The
samples were taken in PVC rings with a diameter of 8 cm and length of 12 cm. A 10-
cm-long two-rod TDR sensor was placed in the center of the samples and travel times and
volumetric soil water content measured. Three dielectric constants were determined for
each sample — one using the travel time for the cable-tester and one each using the internal
calibration curve of the FOM/m and FOM/mts units. The dielectric constant determined
using the cable-tester was chosen as the standard and the results from the FOM/m and
FOM/mts units were adjusted to give identical dielectric constants. The equations to

convert the dielectric constants of the FOM/m and FOM/mts units to the calibration
standard were:

Ecalmy =~ 1.92X 107}, +5.76 x 10722, +0.4301¢,, + 1.311 (3)

Ecalmin = — 1.44 X 107363 +6.63 x 107262, +0.1288e,,,, +2.213 (4)
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where £, and &,y are the original values and €, is the corrected value corresponding to
the value of the dielectric constant of the cable tester. The dielectric constant & was
calibrated to volumetric soil water content by,

O(ec)=3.08 x 107 %3, - 7.6 x 10732, +8.11 x 10~ %, - 0.1732 (5)

Calibration for TDR at the Central Site East was made in situ in parallel with measurement
of density made with a gamma probe (Bertuzzi et al., 1987). Soil water content on a mass
basis was measured corresponding to each measure of density which allowed for compu-
tation of the volumetric soil water content. TDR measurements were made simultaneously
at the same locations to derive the calibration equation. The final calibration for volu-
metric soil water content on a mass basis (m> m ) differed from that given by Topp et al.
(1980) according to the following,

8. =0.013 +0.614(07) (6)

in which 4, is the calibrated value and 8 is the value given in the original expression from
Topp et al. (1980) based on the dielectric constant &,

£=3.03 +9.3(6;) + 146(67)* - 76.3(61)° @)

2.2.3. Capacitance probe

The surface capacitance insertion probe (SCIP) developed by the Institute of Hydrology
was used for measurement of surface soil water content at the Southern Site (Dean et al.,
1987). The SCIP was calibrated using the procedure described by Robinson and Dean
(1993). The cores used to take gravimetric samples were 4.9 cm in diameter and 5.0 cm in
length. Initial analysis of the SCIP calibration data for Niger suggested that, over the range
of water contents measured, a linear calibration equation was appropriate. However, closer
inspection of the data revealed that a linear equation sometimes predicted negative water
contents. Additional statistical analysis of probe readings and gravimetric samples resulted
in a regression equation of the form:

a4

6, = (SCIP.? +b, ®)
where SCIP = capacitance probe reading. An inter-comparison of the SCIP unit used
for field calibration and other SCIP units was made in the laboratory to develop
consistent calibration equations for all of the probes. In this way the following a,
and b, constants, respectively, were determined for each of the three SCIP units used:
110.81 and 41.66 for SCIP 7143; 125.15 and 46.54 for SCIP 7112; 121.86 and 45.48
for SCIP 353.

Fitting the Niger data to Eq. (8) accounted for much of the data variance (r* =0.95) and
removed negative predictions from the calibration data set. The final a4 and b, constants
did not eliminate all ‘negative soil water contents’ measured using the SCIP during the
IOP. The ‘negative soil water contents’ that remain are probably a measure of the accuracy
to which soil water content can be determined using the SCIP, particularly at the very low
soil water contents experienced in Niger.
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3. Profile and surface soil water content — spatial and temporal variability

3.1. Profile soil water data

The effects of the rainfall gradient over the HAPEX-Sahel experimental domain during
the IOP and, more importantly, the localized redistribution of rainfall is demonstrated by
the plots of profile soil water. Soil crust conditions control runoff, runon, and preferential
infiltration resulting in the redistribution of rainfall in the soil profile. This redistribution
complicates the interpretation of the effects of the rainfall gradient on vegetation and the
local energy balance. This complication can be reduced by evaluation of profile soil water
conditions for representative sites within the various vegetation covers monitored during
the experiment. This section presents a sample of the data available within the data base
which makes up the HAPEX-Sahel Information System (HSIS). Selection of the available
profile soil water data for this article was based on experimental ‘Golden Days’ on which
all teams were encouraged to make a maximum data collection effort. Table 4 indicates the
HAPEX-Sahel Golden Days and the corresponding availability of profile data for each
supersite and vegetation cover. This is only a subset of the available soil water content data
in HSIS.

The millet vegetation cover has been selected to demonstrate the variation of soil water
content over the three supersites during the IOP. Figs. 1-9 display the volumetric soil
water content as a function of depth and the total stored soil water over the profile for the
different sites. The recorded precipitation from the nearest EPSAT (Estimation des
Précipitations par SATellite) (Taupin et al., 1993) raingauge is also plotted with the stored
soil water time series. The figures show data from a site (neutron probe access tube)
determined to be relatively wet and from one determined to be relatively dry, compared
with other sites within the same vegetation cover and supersite. Recall that generally ten
sites were monitored per type of vegetation at each supersite.

The profile soil water data were used to calculate the amount of stored soil water in the
profile for the various dates. The volumetric soil water content measured within each depth
layer was assumed to be valid over the interval defined by half the distance between
successive neutron probe readings. The total depth of the profile considered for calculation
of the storage is indicated in the figures for each vegetation cover. No attempt was made to
fit a smooth curve through the soil water data as a function of depth before calculating the
storage, although this may be recommended for certain applications. The fact that the
neutron probe is sampling over a spherical volume with a radius in the range of 0.3 m in
dry sand means that there is already an averaging process.

The first striking feature of the graphs is the very low levels of soil water content
displayed, even for the wet locations and following rainfall events. This is a feature of
the very sandy soils common in the Sahel which occupied the project area. This is in sharp
contrast to typical conditions in a more temperate environment in which soil water values
two to three times larger would be expected in soils with greater proportions of silt and
clay. While calibration for the absolute value of soil water content measured with a
neutron probe is always difficult, it can be seen that all three supersites show consistently
low moisture levels even though different teams performed their own calibration for each
site. Owing to the physical characteristics of the neutron probe, the differences in moisture
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Fig. 1. Profile soil water content for Central Site East, millet vegetation cover on sandy skirt, relatively wet
location.
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Fig. 2. Profile soil water content for Central Site East, millet vegetation cover on sandy skirt, relatively dry
location.
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Fig. 4. Profile soil water content for Central Site West, millet vegetation cover, relatively wet location.
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Fig. 5. Profile soil water content for Central Site West, millet vegetation cover, relatively dry location.
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Fig. 7. Profile soil water content for Southern Site, millet vegetation cover, relatively wet location.
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Fig. 8. Profile soil water content for Southern Site, millet vegetation cover, relatively dry location.
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content between any two dates of measurement are less subject to error than the absolute
value (Haverkamp et al., 1984; Vauclin et al., 1984; Vandervaere et al., 1994a,b).

Figs. 1-3 show data for both the dry and wet locations within the millet on a sandy skirt
‘wind aligned blob’ (WAB) of the Central Site East. Both locations show the effects of
rewetting of the profile by rainfall, and possible runon, between 22 August (day of year
(DOY) 235) and 7 September (DOY 251) and subsequent drying down of the profile until
the end of the IOP on 7 October (DOY 281). This is clearly observed in the plot of stored
soil water combined with precipitation in Fig. 3. The penetration of surface infiltration to
depths exceeding 2 m after 22 August (DOY 235) can be observed for both locations.
Normally soil water profiles exhibiting a gradual drying down of the profile, as indicated
by almost parallel soil water content traces towards the bottom of the profile, are evidence
of gradual drainage, while soil water extraction at a higher rate, as indicated towards the
upper part of the soil horizon, is an indication of additional mechanisms, i.e. evaporation
and transpiration. However, only a detailed analysis of the total potential profile and
subsequent location of the zero-flux plane separating downward drainage from upward
evaporation and transpiration can be used to determine the probable limit of soil water
extraction by roots.

Figs. 4—6 show profile soil water data from wet and dry locations of the millet WAB at
the Central Site West. Both sites are subject to wetting by rainfall until 17 September
(DOY 261) and gradual drying with time until the end of the IOP. Subject to the limitations
described in the preceding paragraph, the majority of the water uptake by roots and soil
evaporation appears to take place in the upper 60 to 80 cm of the profile for both locations.
Figs 7-9 indicate patterns for wet and dry locations of the millet WAB in the Southern
Site. Fig. 8 (dry) demonstrates the potential difficulty with neutron probe calibration at the
shallowest reading, in this case at 10 cm depth. For most of the dates displayed there is an
apparent reversal of the moisture gradient with depth at the surface. Such a reversal is
possible under conditions of repeated, light rainfall, but is very unlikely for the environ-
mental conditions experienced in the Sahel. Potential explanations are inadequate com-
pensation for neutron escape in the surface layer calibration and/or a systematic
uncertainty in the depth of the neutron source for the first reading at 10 cm depth. This
systematic error would not be as evident in deeper locations due to the radius of influence
of the volume monitored by the probe (Cuenca, 1989).

The stored soil water displayed in Fig. 9 does not follow the pattern demonstrated in
Figs. 3, and 6 for the other sites. The data indicate a decrease in storage between 22 August
(DOY 235) and 7 September (DOY 251) for both the wet and dry sites in spite of rainfall
measured at the nearest EPSAT gauge. The explanation gives an idea of the care required
in interpreting soil water measurements. The rainfall indicated on 22 August (DOY 235)
fell before dawn while the neutron probe measurements were made in the afternoon of the
same day, therefore reflecting a relatively wet profile. The next significant rainfall pattern
ends on 1 September (DOY 245), some 6 days before the neutron probe measurements on
7 September (DOY 251). With the profile being relatively wet at the time of rainfall, it is
not surprising that there was significant drainage and evapotranspiration before the next
neutron probe measurement on 7 September (DOY 251).

Differences between the wet and dry tubes in the millet are most apparent in the upper
part of the soil profile relative to differences at the fallow sites (not shown) which extend
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over the total depth of measurement (200 cm or more). This is thought to be related to two
factors. First, differences in surface conditions are more extreme at the fallow sites than at
the millet sites. The fallow vegetation is more patchy than the millet and in between the
bushes and grass patches in the fallow there are more severely crusted areas than in the
millet. Short distance spatial variability in the runoff, runon, and evapotranspiration is
therefore more marked in the fallow, leading to more marked differences in point water
balances than in the millet. While large differences can also be found in the millet, there
are fewer patches with a very ‘dry’ water balance. Second, the sampling scheme chosen
for soil water monitoring makes the chances of finding such differences smaller. When the
sampling scheme is adapted to the situation in the millet, i.e. by stratified random place-
ment of access tubes in areas of low, medium and high degrees of crusting, very extreme
differences in runoff, runon and the water balance can be found in that vegetation type as
well (Gaze et al., 1997).

Figs. 10 and 11, for profile soil water content, and Figs. 12 and 13, for stored soil water,
compare wet and dry locations on different dates for bush-grassland and grassland vegeta-
tion covers at the Central Site West. For different dates and the same vegetation cover, it
can be observed that while there is a significant change in soil water content over the WAB
in response to environmental conditions, the wetter location consistently has a higher level
of soil water storage than the dry location. Both sites respond to the precipitation indicated
in Figs. 12 and 13. The relatively small increase in stored soil moisture between 20 August
(DOY 233) and 4 September (DOY 248) in spite of significant precipitation points
towards strong evapotranspiration during this period of rapid vegetation growth. These
figures clearly demonstrate the principle that within a given site, i.e. for a given soil
texture and vegetation cover, wet sites tend to stay wetter and dry sites remain drier
than other locations throughout the season (Vachaud et al., 1985). This principle, which
is important in the design of soil moisture monitoring schemes, is also clear in Fig. 3,
Fig. 6, and Fig. 9.

Figs. 14 and 15 demonstrate profiles in both the bare soil strip and vegetation strip
for the tiger bush WAB of the Central Site East which aid in understanding the
hydrologic balance in this WAB. These figures indicate that changes in soil water
due to rainfall in the bare soil strip are limited to the top 50 cm or less of the profile
while changes in the vegetation strip extend throughout the monitored profile. (The
total depth monitored was 340 cm of which 200 cm are shown to maintain uniformity
with Figs. 16 and 17.) The capacity for infiltration of rainfall in the bare soil strip is
extremely limited, resulting in almost all the incident rainfall running off from the bare soil
into the adjacent vegetated area. The hydrologic balance within the vegetated area is
subject to direct infiltration of rainfall and runon, particularly at the upslope edge of the
vegetation strip. With regard to Figs. 14 and 15, the sharp contrast in the decrease in soil
water content with time towards the top of the soil profile indicates that the latent heat, or
evaporative, flux from the vegetation strip is significantly higher than that for the bare soil,
thereby generating localized advective conditions within the tiger bush WAB.

Figs. 16 and 17 are again a dramatic demonstration of the sharp discontinuity in the
hydrologic and energy balance for the tiger bush locations, in this case for the Southern
Site. Very little infiltration of rainfall is apparent for the bare soil location with the possible
influence limited to about 30 cm depth. Under the vegetated area soil water changes with
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Fig. 10. Profile soil water content for Central Site West, bush-grassland vegetation cover, comparison of wet and
dry locations for representative dates.
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Fig. 14. Profile soil water content for Central Site East, tiger bush vegetation cover, vegetation strip. (Absolute
values are uncertain due to the presence of iron minerals ~ see text.)
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Fig. 15. Profile soil water content for Central Site East, tiger bush vegetation cover, bare soil conditions
(Absolute values are uncertain due to the presence of iron minerals — see text.)
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Fig. 16. Profile soil water content for Southern Site, tiger bush vegetation cover, vegetation strip. (Absolute values
are uncertain due to the presence of iron minerals — see text.)
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Fig. 17. Profile soil water content for Southern Site, tiger bush vegetation cover, bare soil conditions. (Absolute
values are uncertain due to the presence of iron minerals — see text.)
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time are quite marked down to about 100 cm depth. That changes below 100 cm are much
smaller does not mean that there is no extraction of water by the vegetation below that
depth. Some of the shrub species in the tiger bush remain green for up to 5 or 6 months
after the end of the rainy season. The volume of water that can be stored in the top 100 cm
of the soil is not enough to meet transpiration demands for that time period. The plants
must be extracting water from within and below the laterite layer which starts at about
100 cm. The laterite layer is far from homogeneous. It is full of channels and clay pipes
which can conduct water and roots. However, since the combined pore volumes of these
conduits are relatively smatl, there is little change in the gross volumetric water content of
the laterite layer whether these pores are full or empty. Therefore, even though the laterite
layer may be quite active hydrologically, neutron counts for that layer are relatively
constant, as shown in Figs. 16 and 17. The same remarks concerning local variation in
the hydrologic balance, energy balance, and localized advection indicated for the Central
Site East tiger bush apply in interpretation of Figs. 16 and 17.

Figs. 18 and 19 indicate the total soil water and recorded precipitation for the tiger bush
cover of the Central Site East and Southern Site, respectively. Changes in stored soil water
for the vegetation section are shown to be on the order of ten times the magnitude of
changes measured in the bare soil. As previously indicated, such a disparity in adjacent
areas of the same WAB is conducive to development of localized advection. This figure
also brings into sharp focus the question of a representative value for stored soil water and
soil water content over the tiger bush WAB. One may be able to support a representative
value of soil water content over the vegetated area and another value over the bare soil

area, but an average value in the sense of a water balance calculation for the tiger bush
WAB is meaningless.

3.2. Surface soil water distribution

Time domain reflectometry (TDR) (0 to 15 cm depth) and the Institute of Hydrology
surface capacitance insertion probe (SCIP) (0 to 5 cm depth) were used to evaluate soil
water content in the surface layer. Tables 1-3 indicate the extent to which such measure-
ments were made at each supersite. TDR and SCIP measurements were made both to study
spatial variability of surface soil water content and in support of aircraft flying microwave
sensors. The specific sampling method applied at each supersite is indicated in Tables 1-3.

Fig. 20 indicates the evolution with time of average surface soil water content from 0 to
15 cm measured by TDR over four vegetation covers at the Central Site East. The data
shown cover approximately the first half of the IOP — the complete IOP extended from
DOY 228 to 283. Each point represents the mean of between 14 and 99 measurements for
the particular vegetation cover and date. The maximum number of days monitored for the
time period shown in the figure was 19 in the fallow, and the minimum was 6 in the millet-
sandy skirt. Data from individual days have been connected by straight lines to aid in
visualizing the evolution of surface soil water, but there is no meaningful significance of
the lines for days on which no data were taken.

In general, the fallow site tends to be the wettest of the four vegetation covers for the
period shown and the millet-sandy skirt the driest. These sites also had the greatest and
least amplitude, respectively, of surface soil water content. There are general wetting
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patterns from DOY 237 to 242, 250 to 252, and 254 to 259. Drying patterns are evident
from 242 to 250, 252 to 254, and 259 to 263.

Fig. 21 indicates surface soil water content values measured by the surface capacitance
probe from 0 to 5 cm for two vegetation covers in the Southern Site. Each point represents
a mean of generally 50 measurements within the same vegetation cover. The recorded
precipitation from the nearest EPSAT gauge is also plotted as a time series. The data
extend nearly over the complete IOP. The ‘negative soil water values’ recorded by the
capacitance probe discussed earlier have been zeroed for plotting purposes. Both sites
show wide variation in amplitude in response to rainfall and soil drying conditions
throughout the IOP. All of the surface soil water content data will be compared and
correlated with the precipitation network data and the data taken from the NASA C-130
L band microwave radiometer and ARAT Fokker 27 PORTOS system. A detailed
explanation of the procedures used in HAPEX-Sahel to calibrate remote sensing systems

for soil moisture based on the ground-based data discussed above is given in Chanzy et al.
(1997).

3.3. Infiltration data
Figs. 22 and 23 indicate results of tests made with the TRIMS tension infiltrometer

system on two sites of the Central Site East with different types of soil crusts. This device
allows for infiltration to proceed at a head of less than atmospheric pressure maintained on

20 ] T
1 ]
. |
- )\ " R
g 1 \\ ‘ |
LA |
% : ' Vﬂ
QO 12— ot S — P - +Q -
g N e
E . T g T e Ny B SN - |
= + S R | l ®
g . e 2 ]
2 Contral Site East W
E Surface Soll Water Content
£ - 0to 16 om
S
° Fallow
> 4JFN - Millet 1
] . Faliow - INRA
; Millet - Sandy Skirt
o 1 | 1 ) 1 LR T T 1 LR | 1 i 1 LI
235 240 245 260 265
Day of Year

Fig. 20. Evolution of surface soil water content measured by TDR at Central Site East for four locations.
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a membrane in contact with the soil surface (Jarvis et al., 1987; Perroux and White, 1988;
Ankeny et al., 1991; Vauclin and Chopart, 1992). The results are shown for the S1 disk
which has a diameter of 250 mm at the base. Each figure shows the equivalent depth of
water infiltrated as a function of time. The slope of a line placed through the data is
equivalent to the infiltration rate. Data corresponding to different tensions applied at the
interface between the base of the disk and soil surface are indicated by different symbols.

Fig. 22 is for a sandy soil with an erosion crust, following the classification of Valentin
and Bresson (1992). The infiltration rate exhibits a characteristic decrease with time for the
first tension plotted (100 mm H,0) with the other tensions reaching a stable rate after a
short initial period of adjustment. The curvilinear portion of the intake data (i.e. initially
for 100 mm tension) is assumed to exhibit the effects of sorptivity phenomena while the
linear portions of the plot represent control by hydraulic conductivity. Fluctuations shown
in the first reading for any newly imposed tension are probably the result of the process of
adjusting the tension, which often meant removing the infiltrometer momentarily from the
soil surface. These initial points may therefore be disregarded and the more stable data
which follow any adjustment should be considered the governing infiltration rate for any
tension.

Fig. 23 demonstrates the same type of data, also taken with disk S1, for a sandy soil with
an algal crust. The effects of change in tension are shown by an increase in the slope of the
depth versus time line for a decrease in tension. A gradual decrease in the infiltration rate is
shown for the initial tension of 100 mm, while for the other tensions the reading stabilizes
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Fig. 22. Depth of infiltration as function of time for fallow vegetation cover (INRA) with erosion crust, Central
Site East, for disk S1 of tension infiltrometer at various tensions.



262 R.H. Cuenca et al./Journal of Hydrology 188-189 (1997) 224-266

relatively quickly. The initial fluctuations in the data are due to the same cause as
described for Fig. 22. It is clear from the increasing slope that the infiltration rate is
stabilizing at a higher rate as the tension is decreased. This is presumably due to the
transmission of water by larger soil pores which become filled as the tension decreases.
Such a phenomenon is not demonstrated in the erosion crust plot. The infiltration rates
exhibited by the erosion crust site are approximately an order of magnitude lower than
those shown for the algal crust. The two crusts will therefore generate significantly dif-
ferent amounts of runoff for precipitation events of similar intensity. The infiltration rate
analysis is an essential element in comprehending the redistribution of precipitation in
the Sahel environment. The ultimate objective of the TRIMS data set will be to define the
unsaturated hydraulic conductivity of both the crust and underlying soil as a function of
tension for those cases in which the assumptions of the method applied are valid. Addi-
tional information on the tension infiltrometer technique applied and results from the
HAPEX-Sahel experiment are given in Vandervaere et al. (1997).

4. Summary
The HAPEX-Sahel experiment brought together researchers from the fields of
hydrology, ecology, soil science, biological science, atmospheric science, and remote

sensing. It was conducted on a regional scale of 100 km by 100 km which contained
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Fig. 23. Depth of infiltration as function of time for fallow vegetation cover with algal crust, Central Site East, for
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three supersites. Within each supersite three to four vegetation types were monitored. The
soils component was incorporated as an integral part of the project and involved measure-
ment of soil physical processes and monitoring of soil water content and soil water
potential. The results of this aspect of the project will be applied to the development
and improvement of simulation models in soil physics, calibration of remote sensing
systems, and initialization and verification of simulation models for surface energy bal-
ance and atmospheric processes.

Detailed descriptions of the soil-related measurements made at each supersite for each
vegetation cover are given. Measurement instrumentation included neutron probe, time
domain reflectometry, surface capacitance probe, tensiometer, tension infiltrometer, and
soil core sampling. In some cases, standard calibration techniques could be applied, while
in others the unique soil environment of the experimental area required special techniques.

The profile soil water data indicate patterns which are typical of surface evaporation and
root extraction towards the upper part of the profile with gradual drainage towards the bottom,
but at consistently lower levels of soil water than encountered in previous regional experi-
ments. The consistent relationship between wet and dry sites within the same WAB supports
the notion of consistency of wet and dry locations throughout a season. The temporal dis-
tribution of rainfall throughout the IOP is clearly demonstrated in the profile data. An inter-
active layer of only the top 30to 50 cm in the bare soil of the tiger bush is in sharp contrast with
the penetration to more than 3 m depth of the infiltration front in the vegetative portion.

The stored soil water data demonstrate the effects of spatial variability of rainfall over
the experimental domain. The time distribution of maximum and minimum stored quan-
tities indicates that the overall objective of capturing the greatest changes in evaporative
flux during the IOP was very nearly realized. The data from both tiger bush sites demon-
strate that variation of soil water in the vegetation area was on the order of ten times
greater than variation in the bare soil section. This variation is due to the fact that the
infiitration capacity of the bare soil strips is virtually nil. The resulting difference in
evaporative fluxes indicates the strong potential for development of local advective con-
ditions within the tiger bush WABs.

Surface soil water content was measured using TDR and capacitance probes. Sample
data indicate the general response of this parameter to rainfall distribution. The generally
large number of samples of surface data for a given vegetation cover will be applied to
studies of soil water variability and coupled with the remote sensing data set for para-
meterization of surface soil water, particularly for the microwave radiometer. Tension
infiltrometer data from all three supersites indicate the controlling role played by surface
crust conditions in the Sahelian environment. Tension infiltrometer data from the TRIMS
system using different radii bases at different tensions will be used to determine the
hydraulic conductivity function for different soil textures in the experimental domain.
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