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Abstract—In West Africa, which is an extremely moisture-
limited region, soil water information plays a vital role in hy-
drologic and meteorologic modeling for improved water resource
planning and food security. Recent and upcoming satellite mis-
sions, such as SMOS and MetOp, hold promise for the regional
observation of soil moisture. The resolution of the satellites is
relatively coarse (> 100 km2), which brings with it the need for
large-scale soil moisture information for calibration and validation
purposes. We put forward a soil moisture sampling protocol based
on hydrotopes. Hydrotopes are defined as landscape units that
show internally consistent hydrologic behavior. This hydrotope
analysis helps in the following ways: 1) by ensuring statistically
reliable validation via the reduction of the overall pixel variance
and 2) by improving sampling schemes for ground truthing by
reducing the chance of sampling bias. As a sample application, we
present data from three locations with different moisture regimes
within the Volta Basin during both dry and wet periods. Results
show that different levels of reduction in the overall pixel variance
of soil moisture are obtained, depending on the general mois-
ture status. With respect to the distinction between the different
hydrotope units, it is shown that under intermediate moisture
conditions, the distinction between the different hydrotope units
is highest, whereas extremely dry or wet conditions tend to have
a homogenizing effect on the spatial soil moisture distribution.
This paper confirms that well-defined hydrotope units yield an
improvement at pixel-scale soil moisture averages that can easily
be applied.

Index Terms—Geostatistics, hydrotopes, MetOP, satellites,
scaling, soil moisture, Soil Moisture and Ocean Salinity (SMOS),
West Africa.
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I. INTRODUCTION

SATELLITE-BASED soil moisture sensors, such as those
onboard the European Space Agency’s Soil Moisture and

Ocean Salinity (SMOS) and EUMETSAT’s MetOp satellites,
require reliable spatial averages of soil moisture for calibration
and validation. Recent advances in sensor technology and re-
trieval algorithms improve the satellites’ capacity to measure
soil water [1]–[3]. The spatial resolutions of these satellites
range from 25 to 50 km; therefore, ground observations have to
cover large areas to provide pixel averages [4]. The presented
hydrotope approach provides a methodology to obtain spatial
averages during observation campaigns in data-scarce regions.
The advantages of this method are a reduced uncertainty in
the estimate of the average and a reduced risk of bias in the
sampling scheme.

Different soil moisture ground-truthing methods are found in
the literature. These were generally developed from a hydrolog-
ical perspective, which is not specifically for satellite validation.
The simplest methods for regions with limited station data and
without data from observation campaigns use one or more ob-
servations in the close vicinity of the pixel [5]–[8]. Approaches
that derive spatially representative soil moisture estimates from
observation networks follow three main concepts, namely:
1) time-stability concept; 2) geostatistical approaches, such as
kriging; and 3) landscape-unit approach.

Vachaud et al. [9] first introduced the time-stability concept.
Point observations within a network or catchment are compared
with a field average to identify locations that most accurately
represent the field average without major under- or overestima-
tions. The comparison is computed for each location and time
step. Results are ranked by deviations from the field average
and by temporal variability, identifying the most representative
and temporally stable observation locations within a network.
Several authors applied the modified time-stability concept by
Kachanoski and de Jong [10]. Western et al. [11] applied
this concept for network optimization in catchments in order
to define observation points that best capture the catchment
average. In terms of satellite pixel validation, the concept is
applied to identify pixel-sized fields that show the least subpixel
variability [12]–[14].

Kriging [15] has been widely used to interpolate field obser-
vations. The kriging concept is based on the assumption that the
parameter to be interpolated continuously varies between two
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locations. Semivariograms are used to derive distance-based
weights, and interpolated maps of ground observations are then
used to validate satellite products (e.g., [16] and [17]). Both
the time-stability concept and kriging were based on data from
continuous observation sites such as the Tarrawarra study site
[18] or the Global Soil Moisture Data Bank [19].

The third method is the landscape-unit approach, which
is based on landscape-dependent processes that show
internal consistency. In the context of hydrological modeling,
Flügel [20] introduced hydrologic response units (HRUs) that
are based on elevation, topographic sequence, soil type, slope,
land use, and aspect. The different HRUs represent landscape
units that show internally consistent hydrological behavior.
Based on 23 different HRUs, Flügel built a hydrological model
that represented most of the heterogeneity of the catchment.
Park et al. [21] and Park and van de Giesen [22] applied a
landscape-unit approach to the distribution of soils using a
catena approach. Based on detailed topographic sequence
data on a complex slope, nine landscape units successfully
described the different soil-forming environments and the
variability of the soils. Both studies successfully showed
internally consistent hydrological behavior within their defined
landscape units. The information used to define the landscape
units required detailed spatial data, such as elevation, soil
properties, and land cover, that are generally available at the
observation site or subnational level.

The presented hydrotope methodology is a modified
landscape-unit approach. It is meant as a statistical tool that
assists in deriving representative field-average estimations on
the basis of soil moisture sampling campaigns. Additional
information required to identify and map hydrotopes involve
local hydrological knowledge and globally available data sets.

The aim of this paper is to present a statistically stable
methodology for satellite ground truthing through point mea-
surements. Using a hydrotope-based sampling and analysis
methodology, the overall footprint variance and the chance
of sampling bias is reduced. The methodology is explained
and proven by data from a case study in the Volta Basin,
West Africa. However, it has to be made clear that the method-
ology as such is not limited to soil moisture sampling or locally
to Western Africa but is, instead, generally applicable to any
point-based sampling or data.

Section II describes the three West African study sites in
detail. The methodology in terms of hydrotope identification,
mapping, and hydrotope-unit separated averaging is outlined in
Section III. Results are presented and analyzed in Section IV,
and Section V concludes with the major results.

II. STUDY SITES

The study sites, which are Boudtenga, Tamale, and Ejura,
are located in the Volta Basin, West Africa (see Fig. 1). The
study sites are part of the Global Change in the Hydrological
Cycle (GLOWA) Volta Project [23] that has been conducting
field studies in the Volta Basin since 2001. The climate in
this region is characterized by a clear seasonal pattern of wet
and dry seasons [24]. Fig. 2 shows long-term rainfall and
potential evaporation averages (1961–1990) for stations that
are close to the study sites [25]. Rainfall, vegetation, and soil

Fig. 1. Study site locations in the Volta Basin, West Africa.

moisture follow a gradient, which is with low rainfall in the
north and high rainfall in the south. The study sites follow this
gradient. Natural land cover at all study sites is interspersed
with agricultural plots. Agriculture in West Africa is dominated
by small plots well below one hectare. The size of the plots
and mixing with natural vegetation lead to extremely high
spatial heterogeneity. The annual seasonality and interannual
variability of available water cause high temporal variabilities.

Boudtenga (12◦ 28′ N/1◦ 15′ W) is located in the northern
part of the Volta Basin. The terrain is generally flat and inter-
spersed with inselbergs (310–370 m). Landscape and vegetation
are classified as Sudan savanna, and the agricultural vegetation
is composed of maize, peanuts, sorghum, and millet. Trees
include shea (Vitellaria paradoxa) and neem (Azadirachta
indica). The mean annual rainfall from 1961 to 1990 is about
800 mm. Rainfall follows a monomodal pattern, with a peak in
August. The wet season lasts for roughly two months, which is
from July until August, whereas the onset of the season shows
high variability. The major soil in the Commission de Pédologie
et de Cartographie des Sols taxonomy is “Sols ferrugineux
tropicaux lessivés à tâches et à concrétions,” which corresponds
to Luvisols or ferric Lixisols in the taxonomy of the Food and
Agriculture Organization of the United Nations.

The second study site, which is Tamale (9◦ 29 ′ N/0◦ 55′ W),
lies in the central part of the Volta Basin in relatively flat
terrain (160–240 m). Landscape and vegetation are classified as
open woodland savanna, and the agricultural vegetation is com-
posed of yams, maize, cassava, peanuts, sorghum, millet, rice,
tomatoes, peppers, and onions. Trees include shea (Vitellaria
paradoxa), mango (Magnifera indica), baobab (Adansonia
digitata), neem (Azadirachta indica), dawadawa (Parkia
biglobosa), and kapok (Ceiba pentandra). The mean annual
rainfall over the 1961 to 1990 period is about 1100 mm. Rainfall
follows a monomodal pattern, with a peak in September. The
wet season lasts for roughly four months, which is from July
until October, whereas the onset of the season shows high
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Fig. 2. Rainfall and potential evaporation (based on Penman) for climate stations close to the three study sites. Data from (a) Ouagadougou, BF (close to
Boudtenga), (b) Tamale, GH, and (c) Wenchi, GH (close to Ejura). Source: FAOClim 2 [25].

variability. The major soils are Planosols and Acrisols over
Alluvium and Voltaian sandstone. According to the Ghanaian
soil taxonomy, the study site soils are Lima-Volta (Planosol)
and Techiman-tampu (Acrisol).

The third study site, which is Ejura (7◦ 19′ N/1◦ 16′ W), is
situated on the southern fringes of the Volta Basin in a slightly
hilly terrain (150–250 m). It lies in the transition zone between
forest savanna and mountainous guinea forest zone. The study
site is located around a valley with vegetation covered with
local food crops such as yams, corn, cassava; shrub, including
elephant grass; and trees, among them cashew, various palm
trees, and banana trees. The valley bottom is swampy, and
the elevation differences are around 100 m. The mean annual
rainfall over the 1961 to 1990 period is about 1400 mm. Rainfall
follows a pseudo bimodal pattern, meaning that in August, it
experiences a slight decrease and that the peak of the season is
in September/October. The wet season lasts for roughly eight
months, from March until October, whereas the onset of the
season shows high variability. The major soils are Luvisols and
Fluvisols over Alluvium and Voltaian sandstone. The Ghanaian
soil taxonomy refers to these as Ejura-amantin/Ejura-denteso
(Luvisol) and Damongo-techiman (Fluvisol).

III. METHODOLOGY

A hydrotope is defined here as a unit characterized by
the dominance of similar hydrological processes. Hydrolog-
ical variables, such as soil moisture, within clearly defined
landscape or hydrotope units show reduced variability and
consistent temporal patterns that distinguish the different units
from each other. The basic concept of the hydrotope units
is based on internally consistent hydrologic behavior within
a certain landscape. Statistically, the chosen hydrotope units
should show higher differences between the unit averages as
compared with the variability within each unit. In the case
of soil moisture, we can define the hydrotope units by means
of the local hydrology. Hydrotopes are meant to improve the
sampling schemes and the computation of field averages. This is
done through the following: 1) reducing the number of required
samples; 2) minimizing the sampling biases in the field average;
and 3) reducing the overall variance.

A. Sample Minimization

Soil moisture sampling campaigns are meant to provide us
with spatially representative field or pixel averages. Perfectly
accurate moisture values would only be obtained if an infinite
number of samples were taken. According to the central limit
theorem, normality can be assumed for the overall sample
means, which is given a sufficiently large number of samples

m̄ ∼N

(
µ,

σ√
n

)
(1a)

N

(
µ,

σ√
n

)
≈N

(
m̄,

s√
n

)
(1b)

where µ is the true mean value, σ is the true standard deviation,
n is the number of samples, m̄ is the mean value of the sample,
and s is the standard deviation of the sample. The parameters
of the normal distribution can be estimated by m̄, s, and n. The
level of accuracy of the overall mean value therefore depends
on the number of samples taken

M̄ ∼ m̄ +
s√
n
× χ (2)

where χ̄ is the standard normally distributed variable. The
average soil moisture and standard deviation can be based on
either observed soil moisture data or on estimates. In the Volta
Basin, a previous field study provided both the average and
standard deviation. For a given confidence interval, one takes
the corresponding minimum and maximum value of χ̄, such as
χ̄ = ±1.96 for a confidence level of 95%. Now, solving (2) for
n using (1a) and (1b) allows us to derive the minimal number
of samples needed to obtain an acceptable range for the average
soil moisture value at a given confidence level.

B. Hydrotope Mapping and Bias Minimization

1) West African Hydrology: Soil moisture fields are de-
termined by the local hydrology. To identify soil moisture
hydrotopes, it is often helpful to use the knowledge of the
local hydrological processes that are dominating within the
region of interest. Based on the literature and on field work
[24], [26]–[29] in West Africa, a schematized view of the
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Fig. 3. Main runoff processes in the Volta Basin. The horizontal drain
distance (500–2000 m) increases toward the north, considering that the distance
between the streams becomes wider. The elevation difference (60–120 m)
increases toward the south, where the relief is more pronounced (after
Masiyandima et al. [27]).

West African hydrology was built (see Fig. 3). From a hydro-
logical point of view, it can be said that the landscape in the
Volta Basin largely consists of inland valleys [24]. Within an
inland valley, we can distinguish three main units [26], [27].

1) Plateaus are large upland areas, which are characterized
by deep soils. Precipitation here is stored in the root zone,
and this unit mainly contributes to runoff via subsur-
face flow.

2) Wetlands saturate very early during the wet season and
contribute almost solely to the direct runoff or Dunn flow.

3) Slopes connect the plateaus to the wetlands. Both
Hortonian surface runoff and shallow-groundwater flow
occur on the slope unit. The hydrological state of
the slopes tends to vary relatively quickly over time
and space.

Topography defines, to a large extent, these three hydro-
topes. Plateaus and wetlands are flat, and slopes have higher
gradients. Plateaus have a small upstream area, whereas slopes
and wetlands have larger upstream areas. Absolute height dif-
ferences between plateau and wetland units do not enter into
the hydrotope-unit delineation. The topography also defines the
stream network; however, considering that the streams in our
region of interest are ephemeral, not every stream is bordered
by wetlands. Because of this, dry-season land cover is used
to distinguish between the green wetlands and the surrounding
bare slopes and plateaus.

The hydrotope-unit definition, as outlined in this paper,
is very specific for the study region. Different climates
and hydrologies require individual hydrotope-unit definitions
that might also result in differing mapping strategies. The
hydrotope-unit mapping that is described in the following was
specifically done toward the described hydrotope-unit defini-
tion stated in this paper.
2) Remote Sensing Data Mapping: In order to incorporate

the local hydrological knowledge into sampling schemes, the
three identified hydrotope units have to be mapped region-
ally. For the three study sites, 10 × 10 km windows have
been selected to be mapped. Fig. 4 shows a sample hydro-
tope map for the Ejura study site. Globally available satellite
data of Shuttle Radar Topography Mission (SRTM) elevation
(http://srtm.usgs.gov) and land cover (such as Landsat, MODIS,

Fig. 4. Hydrotope map of the Ejura study site.

or Spot) can be used to regionally map the hydrotope units. The
use of global data sets is particularly useful in data-scarce en-
vironments such as West Africa. A first step toward delineating
the hydrotope units is to build slope, upstream area, and land
cover maps. The choice of satellite data to be used strongly
depends on the initial hydrotope-unit definition. The following
data sources, classifications, and thresholds, therefore, only
apply for the study region presented in this paper.

Slope and upstream area (using digital elevation model):
Slope and upstream area maps are computed on the basis of
the SRTM data. The SRTM data used in this study have a
90-m horizontal and nominal vertical resolution of 16 m (ab-
solute) and 10 m (relative). Comparisons with kinematic GPS
readings, however, show that over Africa, for 90% of the data,
the absolute vertical error is estimated at 6 m [30]. Based on our
comparisons between SRTM and detailed topographic maps,
we postulate that the relative error between adjacent pixels is
less than 2 m at the study sites. It should be stressed that for the
presented hydrotope delineation, only the slope and upstream
areas are used [see Fig. 5(a) and (b)], which are based on
relative height differences. Slope maps are classified in slope
and flat categories. The threshold between the slope and flat
depends on the local relief. For our study sites, we chose a slope
angle threshold of 2%. This will mainly be used to distinguish
between plateau and slope areas.

Land cover (using normalized difference vegetation index
(NDVI)): Land cover information from Landsat NDVI data
was used to delineate wetlands. The Volta Basin experiences
extremely dry and wet seasons (see Section II). During the
dry season, vegetation is mostly limited to forest patches that
are generally located in the wetland areas as gallery forests.
Landsat NDVI images from the dry season were used to de-
lineate the wetlands by using an NDVI threshold value. The
vegetation immensely varies between the three study sites. An
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Fig. 5. Maps of (a) upstream area, (b) slope, and (c) NDVI for the Ejura study-site window (10 × 10 km). For the slope, a threshold of 2% has been applied, and
for NDVI, a threshold of 0.049 has been applied.

TABLE I
INDIVIDUAL THRESHOLD AND RANGE VALUES

individual NDVI threshold for each of the three study sites had
to be chosen to distinguish between wetland and non wetland
areas.

Combination of maps: To combine the upstream area,
slope, and land cover data into hydrotope units, the three data
maps [see Fig. 5(a)–(c)] were used as input for an unsupervised
classification [31] using the IDRISI CLUSTER function [32].
The IDRISI CLUSTER is based on a histogram peak selection
technique. The slope and NDVI were filtered before entering
the classification using thresholds, considering that the raw
input maps show little distinction between slope and nonslope
or wetland and nonwetland vegetation. Detailed information
about thresholds and ranges are shown in Table I. The upstream
area shows a clear distinction in values between main riverbeds
and tributaries in our study region so that there was no need to
filter the raw map data. A sample outcome is shown in Fig. 4,
which shows the hydrotope distribution for the Ejura study site.

The hydrotope mapping shown in this part is only valid for
the presented study sites. In different regions, the mapping
process has to be modified. Modifications are then to be made
in the data selection, map preparation, and classification or
combination of the different data.
3) Bias Minimization: The hydrotope maps provide the total

area for each hydrotope unit. Based on these areas, the total
number of samples, as based on (2), was distributed over the
hydrotopes (see Table II). Combined with the hydrotope maps,
the number of samples taken for each hydrotope unit can be
calculated by an area-weighed distribution of the total number
of samples. This reduces the chance of bias in the field average
caused by the over- or undersampling of individual hydrotope
units. In this paper, data collection followed a hydrotope analy-
sis to optimize the sampling procedure.

TABLE II
NUMBER OF SAMPLES

C. Hydrotope-Based Field-Average and
Variance Computation

Hydrotope analysis can be applied in advance to develop
a hydrotope-based sampling scheme or a sampling scheme
that is based on an existing soil moisture database. In terms
of computation, this results in two options, namely: an area-
weighed approach, where the hydrotope-unit areas are included
in the computation of average and overall variance, and a
hydrotope sampling approach, where the sampling is already
area weighed and only the overall variance is to be reduced.

In terms of an area-weighed approach, the mean soil mois-
ture and the standard deviation are first computed for each
hydrotope

m̄j =
1
nj

nj∑
i=1

mi (3)

sj =

√∑nj

i=1(mi − m̄j)2

nj − 1
(4)
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where nj is the number of samples within hydrotope j and
mi represents the individual soil moisture samples within
hydrotope j. The second step then computes both area-weighed
mean soil moisture and the overall variance

m̄w =

nj∑
i=1

Aj · m̄j

A

=
A1 · m̄1 + A2 · m̄2 + A3 · m̄3

A
(5)

Var(m̄w) =
nj∑
i=1

(
Aj

A

)2

· s2
j

nj

=

(
A1
A

)2 · s2
1

n1
+

(
A2
A

)2 · s2
2

n2
+

(
A3
A

)2 · s2
3

n3
(6)

where Aj is the area of hydrotope unit j and A is the overall
sampling area. The steps from (3)–(6) can be subsequently
applied to any soil moisture data set categorized into hydro-
topes. The level of confidence for the field average can then be
calculated by solving (2) for χ̄.

In this paper, the sampling scheme has already been area
weighed in advance; therefore, the number of samples per unit
and unit area are proportional, nj ∞ Aj . This simplifies (5)
and (6) to

m̄w =
1
n

n∑
i=1

mi (7)

Var(m̄w) =
1
n
·

nj∑
i=1

nj · s2
j =

1
n
·
(
n1 · s2

1+ n2 · s2
2+ n3 · s2

3

)
.

(8)

If the variance within hydrotopes is small compared with the
overall variance or, in other words, if the different hydrotope
units are clearly distinct, a reduction in the overall variance can
be obtained. Quantitatively, this means that when

Var(m̄w) < Var(m̄i) =
s2

n
(9)

holds, the hydrotope-based estimation of the mean will have
less variance. Fig. 6 shows the improvement, given that (9)
is met. High differences between the means of the chosen
hydrotope units compared with the variance within each unit
will yield a reduction of the overall variance, showing the
advantage of a good hydrotope analysis. An improvement
due to a hydrotope-based calculation of the field average and
variance is given if (9) holds true. Clearly, if there are no
significant differences between the hydrotopes, for example,
when the landscape is completely wet or completely dry, the
improvement will be minimal.

D. Soil Moisture Data

The data used in the following section were collected during
two separate sampling campaigns. Soil moisture was deter-
mined gravimetrically by weighing and drying the samples.
The center of the samples has a depth that is between 15 and
20 cm, using soil sample rings (∅ 53 mm, height 50 mm). The

Fig. 6. Hydrotope unit separated versus regular soil moisture distribution.
Probability density functions of a sample soil moisture distribution divided into
(gray lines) hydrotope units and (black line) an overall soil moisture distribution
are shown. The equations show a realistic example where the average soil
moisture of, e.g., 28% does not change but the overall variance is reduced
(e.g., 1.25 to 0.75).

accuracy of these gravimetric measurements is within 1% of the
soil moisture.

The samples were taken at the end of the wet season in
2005, which is between September 22 and October 17 (which
is further denoted as campaign I), and at the onset of the wet
season in 2006, which is between May 26 and June 5 (which is
further denoted as campaign II). The Boudtenga study site was
only sampled once during the wet season of 2005, considering
that the onset of the wet season in 2006 was very late and the
location was completely dry. During the dry-season sampling
(campaign II), no rain events occurred at the study sites. During
the wet-season sampling (campaign I), it rained every two to
three days before and in between the sampling. At a sampling
depth between 15 and 20 cm, however, the effect of rainfall
during the sampling campaign is very low. Climate diagrams
for rainfall and potential evaporation are shown in Fig. 2.

About 200 individual soil moisture samples (see Table II)
were taken at each of the three study sites. The total (minimal)
number of samples required to ensure a confidence level of 95%
per study site was calculated by using existing soil moisture
data for the different study sites [using (2)]. For the average
soil moisture, the accuracy increases with the square root of
the number of samples, which is as previously described. The
Boudtenga study site is flat (< 2% slope), with inselbergs
interspersed. The inselbergs consist of laterite rock and cannot
be sampled for soil moisture; therefore, the Boudtenga study
site only has plateau and wetland hydrotope units. The number
of samples per study site was proportionally partitioned over the
hydrotope units for a 10 × 10 km sampling area at each study
site using hydrotope maps (see Fig. 4). Within the individual
hydrotope units, no sampling scheme was applied. The samples
were also taken randomly in time for each campaign and study
site so that any trends in soil moisture would not have resulted
in different average moisture values. Soil moisture samples
were collected throughout the whole day.

Considering that for satellite calibration and validation one is
only interested in the sample mean, the exact type of the under-
lying distribution of soil moisture samples does not matter. The
central limit theorem ensures that the distribution of the sample
mean converges to a normal distribution. This convergence will
be faster when the underlying distribution is normal or close
to normal. Famiglietti et al. [33] and Choi and Jacobs [34]
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TABLE III
SHAPIRO–WILK/SHAPIRO–FRANCIA TEST FOR NORMALITY

TABLE IV
HYDROTOPE-ANALYSIS RESULTS

show that soil moisture samples are distributed both normally
and nonnormally. Table III shows that there is also a mix
of normal and nonnormal distributions. The majority of the
hydrotope-unit samples are normally distributed. In turn, this
gives the necessary confidence that the sample mean will indeed
be normally distributed.

Satellite soil moisture products include the root-zone soil
moisture, which is derived through hydrological modeling, that
can readily be compared with the soil moisture that is between
15 and 20 cm in depth [35], [36]. These products can be
arrived at through the assimilation of satellite data into soil
physical models [37]. A direct comparison of the 15–20-cm soil
moisture samples with the topsoil estimates from satellites is
not possible. Current satellites are only capable of detecting soil
moisture directly from the top 2–5 cm if the vegetation is not
too dense. The general methodology, of course, also holds if the
topsoil-moisture samples of the first 0–5 cm are to be used for
a more direct comparison with satellite-derived soil moisture
estimates.

Statistical-significance tests were performed by using a
balanced one-way analysis of variance (ANOVA) and a
two-sample Student’s t-test. An omnibus Shapiro–Wilk/
Shapiro–Francia parametric hypothesis test of composite nor-
mality was performed for normality tests. For leptokurtic data,
the Shapiro–Francia test is applied, and for platykurtic data, the
Shapiro–Wilk test is applied. To test the performance of the
hydrotope variance reduction, a Monte Carlo-based analysis is
done. For each campaign, random samples corresponding to
the number of samples taken in the field (see Table II) were
taken from normal distributions with observed µ and σ values
from the corresponding campaign. For each randomly sampled

TABLE V
HYDROTOPE-UNIT AVERAGES

TABLE VI
RANDOM ALTERNATIVE TEST

set (10 000 for each campaign), the standard deviation was
calculated. Based on the distribution of the randomly sampled
standard deviations, one minus the chance that a random sample
would yield a lower variance than the hydrotope method is
calculated.

IV. RESULTS AND ANALYSIS

The effectiveness of a hydrotope-unit-based analysis is de-
scribed via the reduction in overall variance and the min-
imization of bias in the sample. To measure the effect of
the hydrotope analysis, the calculation of overall averages,
standard deviation, and variance is performed according to the
hydrotope-unit separation [see (7) and (8)] and by calculating
the same variables over the whole sampling volume without
using any hydrotope-unit separation [see (2)].

An effective bias minimization for our study sites cannot be
shown directly without additional independent data. Indirectly,
significant differences in hydrotope-unit averages suggest that
biased sampling would result in wrong field averages.

Table IV shows the results of the calculations. Overall, the
variance has been reduced by using hydrotope-unit separation
in the calculation of the field standard deviations. Due to
the area-weighed sampling, differences in field averages and
between regular and hydrotope-weighed averaging cannot be
seen. A one-way ANOVA for average soil moisture of all the
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Fig. 7. Histograms of overall and hydrotope sample distributions. The histogram sets are organized by study site (Ejura, Tamale, and Boudtenga) and sampling
campaign (I and II). Gray lines depict the overall sample distribution, and dotted lines depict the sample distributions of the individual hydrotope units.

three campaigns and study sites showed significant differences
between all hydrotope units. A subsequent Student’s t-test for
significant differences in between the different hydrotope units
also showed significant differences for most hydrotope units
(see Table V).

To show how the hydrotope reduction in the overall variance
performs against the overall variance from random sampling,
a Monte Carlo analysis was done. Table VI shows that even in
cases where the variance reduction is negligible, the chance that
the hydrotope method yields superior results is high (> 65%).

Different reductions in the overall variance highlight regional
and seasonal distinctions between study sites and sampling
times that can be best visualized via the histograms of the
different hydrotope units (see Fig. 7). The seasonality and
overall moisture conditions at the three locations are the two
major causes that determine the level of variance reduction and
the differentiability between the hydrotope units.

Ejura, which is the location with most rainfall, generally
shows a high moisture level throughout both seasons. Slight
differences can be seen between the three hydrotope units and
the two seasons. During the wet season, the plateau and wetland
areas are similar (see Fig. 7), whereas the slope unit shows
a slight offset. The shallow soils in the slope unit lead to

lateral flow just above the bedrock layer that results in a higher
moisture content of the shallow soils, which can be seen from
the data (see Table V and Fig. 7). Differences between the
hydrotope units can be seen and are as expected. Due to the
overall high moisture content, however, the units show uniform
behavior which dampens the distinction between different units.

Tamale, being a more moisture-limited location than Ejura,
shows a good distinction between plateau and wetland units
during the wet season. Fig. 7 shows the clear differentiation
between the two units, which is also reflected in the highest
variance reduction (see Table IV). In the dry season, a more
uniform picture emerges. This moisture-limited location has
ephemeral streams and is very dry. The overall dryness mini-
mizes the differences between hydrotope units. Therefore, the
dry-season sampling only shows slight differences between the
plateau and wetland units.

Boudtenga, which is the northernmost study site, shows a
uniform soil moisture distribution. Although the plateau and
wetland units show significantly different unit averages, similar
unit variances result in low overall variance reduction.

All study sites correspond well with respect to the gov-
erning effect of overall wetness (and dryness) on hydrotope
distinction. Comparing the Ejura results with the Tamale
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dry- and wet-season samplings, it is shown that unit differ-
ences are reduced under extremely wet and dry conditions.
This suggests a homogenization of soil moisture throughout all
study sites under extremely dry and extremely wet conditions.
Intermediate conditions, such as during the Tamale campaign-I
sampling, show a clear reduction in the overall variance.

V. CONCLUSION AND DISCUSSION

The main focus of the presented methodology is to derive
statistically stable soil moisture field averages for satellite
validation. Results show that the overall variance reduction is
seasonally and spatially dependent. Significant differences in
average soil moisture between the majority of the hydrotope
units also suggest bias minimization.

The different levels of variance reduction highlight the spa-
tial and temporal differences between the study sites and sam-
pling times. The low reduction levels in the overall variance
at some study sites can be due to improper hydrotope-unit
identification or due to inhomogeneous soil moisture patterns.
In our case, improper hydrotope-unit definition is unlikely, con-
sidering that most hydrotope units show significant differences
between each other (see Table V).

Moisture patterns shift over time in accordance with moisture
availability. Western et al. [11] presented results that show
high levels of soil moisture organization during wet Australian
winter conditions and random variability during dry summer
conditions. In our case, results confirm this soil moisture uni-
formity for dry conditions (e.g., Boudtenga campaign I) and
further suggest a similar behavior under extremely wet condi-
tions (e.g., Ejura campaign I). Under intermediate West African
conditions, high levels of soil moisture organization between
given hydrotope units are supported (Tamale campaign I). The
overall level and range of soil moisture values in our study vary
between 0.10 and 0.17, which is a rather narrow range of values
compared with other studies [11], [33]. In different climates that
show higher soil moisture ranges, the hydrotope analysis can
be expected to result in higher variance reduction. A definitive
answer toward the quality of our hydrotope-unit identification
cannot be given. Previous studies, however, support the conclu-
sion that under dry conditions, soil moisture patterns become
more homogenous, which can be confirmed by the presented
results and can be extended to extremely wet conditions as well.

This paper confirms that well-defined hydrotope units yield
improved pixel-scale field averages. The hydrotope defini-
tions for the Volta Basin were based on the simplification of
the catena approach by Park and van de Giesen [22]. The
simplification was based on qualitative insight into the main
hydrological processes that are relevant in this basin. Without
prior hydrological knowledge, one should, in the first instance,
maintain a larger number of hydrotopes based on the landscape
position. This will minimize the chance of bias in the sampling
scheme and, subsequently, result in a low variance of the
estimate of the mean soil moisture content.
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