Detailed response to Reviewer 1

The authors thank very much this reviewer for his detailetere and his helpful comments.
We believe that your suggestion have helped to improve theus@ipt considerably. Here is a
detailed description of our responses to the review of theuseript. Reviewer comments are in
italics.

To help the reviewers, the revised manuscript has beengedvn this file with modifications
highlighted in color. All line numbers specified in our regges refer to this manuscript version.

General comments

This paper presents an interesting piece of research wherstate products obtained from sev-
eral microwave sensors are compared. A very large datasesesl with detailed in situ mea-
surements as well as extensive satellite observations.isBhes analyzed are of relevance for
the scientific community and the paper is well structuredwaritten. However, the paper can be
improved in some aspects. In particular:

- The discussion and interpretation of results can be deegein particular, the role of sensor
frequency, type of sensor (active/passive), acquisitioe,tetc. should be commented in more
detail.

- Some more details on the retrieval approaches (just bestdptions) could be helpful for the
understanding and interpretation of results.

Thank you for these comments. These details were given itoge2.2 but it was not clear
since it was structered by the satellites rather than onymtsd To clarify the role of the sen-
sors, frequency and retrieval approaches, the sectiom2satellite data was modified. First the
subsection titles have been clarified to:

e 2.2.1 AQUA AMSR-E satellite, sensor and products
e 2.2.2 ERS-Scatterometer satellite, sensor and products
e 2.2.3 TRMM-TMI satellite, sensor and product

Second, in the introduction of section 2.2, the followingte@ce was added (line 135 of the
highlighted revised version provided in this file):

"The following next three subsections and Table 2 show basemation about these satellites
sensors and products.’

In addition specific details of the retrieval algorithms édéeen added in the subsections 2.2.1:
-’iterative algorithm’(line 168);

-'three parameter Land Parameter Retrieval Model’(ling)17

and in the subsections 2.2.2:

-"The retrieval algorithm computes soil wetness indexassgi#et and dry difference normalisa-
tion which makes it suitable at global scale.’(line 189);

-This product, hereafter referred as ERS/CETP (Centgutles Terrestres et Planétaires) has
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been specifically developed for the West African region emd¢bntext of the AMMA project, so
in contrast to the ERS/TUW product it is not available at gladrale. (line 199)

- Your study area is very particular in terms of climate, egjen, etc. But based on your
results some recommendations for the utilization of thasdyxts in other parts of the world
could be very interesting. For instance, the ERS/CETP nagpleoforms well here, but since it is
a locally calibrated method is it easily applicable elsevde
Yes the ERS/CETP does not exist exist at global scale. Asaelil above this has been clarified
in the section 2.2.2 of the revised manuscript (line 199):

"This product, hereafter referred as ERS/CETP (Centreuti&s$ Terrestres et Planétaires) has
been specifically developed for the West African region mm¢bntext of the AMMA project, so
in contrast to the ERS/TUW product it is not available at gladrale.’

- The conclusions should be more focused and much shorter.
The authors think that it is important to keep a substantiaireary to conclude the paper. How-
ever in agreement with this reviewer's comment, the comafusection as been slightly short-
ened.

Specific comments

1. Introduction:

-page 5305, line 5: 'good spatial consistency’ It is not ¢clemme what you mean here.
According to your comment, the sentence:
'Satellite remote sensing approaches also open the plitystbi provide information on soil
moisture over large areas with a good spatial consistency.’
was replaced in the introduction section (line 24) by:
'Satellite remote sensing approaches also open the plitystbi provide spatially integrated
information on soil moisture over large areas.’

-page 5306, first paragraph: Itis important to include hereraef description on the methods
and techniques for retrieving soil moisture from the seasoeentioned in the previous paragraph.
In particular, some comments on the limitations, drawbaakgd applicability of those methods
should be included.

We agree with this comment. We add this paragraph betwedrpaoagraph of the introduction
section (line 48):

'Soil moisture retrieval is based on the difference betwsghmoisture and soil dielectric con-
stant which influences brightness temperatures and swatt¢er coefficient from passive and



active microwaves sensor, respectively. The sensitiatgdil water content might also be af-
fected by Radio Frequency Interference (RFI) and vegetatjical depth, which are both ac-
counted for in the retrieval algorithms. Although thesd smisture products are provided at
relatively coarse resolutions, disaggregation apprcablage been investigated in the past few
years (Merlin et al., 2008). They proved to be highly relévarprovide soil moisture informa-
tion at kilometer scale.’

-page 5206, line 15: 'The last-ones also provides’ changé@hbe last-ones also provide’
The rectification was made (line 78).

2. Data and methods:

-page 5307, line 10: What are the implications of the vegatatover (herbaceous savanna)
for the retrieval of soil moisture? Some comments on thatishioe given.
The following sentence was added in the section 2.1 (ling:101
"This low vegetation cover of the study area is optimal fal swisture remote sensing because
of the low impact of the vegetation optical depth on the signa

-page 5307, line 25: Table 1 is not very useful. The coordigaf the stations can be included
in the text here.
We agree that the scientific content of the Table 1 is rath@tdd. However Table 1 is provided
as support to the Data and Methods section and the authatsttiat providing coordinates in
the text would not be as clear as in a table. This table is uszhelp the reader understanding
the study area and ground measurements location. Thetafeaithors prefer to keep this table
in the paper.

-section 2.2 Satellite data: Before describing each semsmggest including a brief com-
ment on the sensor characteristics (frequency, polaratactive/passive, time of observation)
that are relevant for the inversion of soil moisture. In peutar, the relation between the sensor
frequency and the depth of the surface layer being measweserdes some comments. | also
think that some more details on the retrieval methods useddoh sensor could be helpful for
the later understanding and interpretation of results. ¢ggest including on each subsection ded-
icated to each sensor (1) a brief description of the retriemathod used and (2) more references
to previous studies and main findings reported by other tya®rs. Also, some comments on
the applicability of the techniques in other parts of the Maould be very interesting. In partic-
ular, in the case of ERS-scat, two techniques are used hémmleuequires local soil texture data
(to convert moisture index to volumetric units) and the otk statistical inversion based on
local calibrations. Can those techniques be easily apgheghy other region? This information
can be very useful for the readers.

According to the general comments, section 2.2 has beeifisagrily improved in the revised
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version of the manuscript (see general comments reply).

-page 5309, lines 16-22: This issue of the confoundingtsftdsoil moisture and vegetation
cover on passive measurements is not specific of AMSR-Eltistt@uld be placed before section
2.2.1.

We are agree with your comment. This sentenses was been mthegection 2.2 (line 147).

-page 5310, section 2.2.2: The two techniques based on ERS$tse both ascending and
descending pass observations?
The missing information was added, specifying that onlydading pass was used for ERS/CETP
product in the section 2.2.2. (line 205). ERS/TUW use botleading and descending pass ob-
servations. Information was added in the same 2.2.2 se@in@n190).

-page 5310, line 19: 'absolutes values are valided’ chammgalbsolute values are valid'.
This sentence was replaced by the following in section ZIh& 196):
"These volumetric soil moisture values were only determifnem sandy soils, which is the main
soil type.’

-page 5311, section 2.3, line 16: Table 2 does not show the ¢dilthe day at which each
sensor observes the area. Besides, since the time of aoopis crucial due to the diurnal
moisture dynamics you could include a more detailed anslgsithis issue. Based on your
ground dataset (soil moisture data at 15 min time step), yauldcstudy the diurnal variation
of soil moisture in the different seasons and relate it totthee of acquisition of each sensor.
This can be important to interpret your results. In the san&e’satellite products and ground
measurements are considered at the daily time scale’ it s¢bat the reference (ground) soll
moisture values you used correspond to daily mean valugsutfsatellite products are acquired
mostly during overnight passes some differences couldected due to soil moisture diurnal
variations. Could you please explain this issue?

Satellite products used in this study are acquired at @iffetime of the day (ERS descending
is not over night, but at 10:30). So in order to inter-comphese products to each other it is
necessary to assume at shortest a daily time scale. Theotm@rground reference valid for
all the satellites, we choosed to consider daily mean soistue from ground measurements.
Further investigations to study the diurnal variationsaf shoisture in the different seasons and
relate it to the time of acquisition of each sensor is an irtgartopic to address in future studies.
To clarify this, the following second sentence which intiods section 2.2 (line 155) has been
modified by:

'Satellite products used in this study are acquired at diffetime of the day (Table 2). So in
order to inter-compare these products to each other a daié/dcale is considered in this study.
Accordingly, ground reference is used as daily mean soilstunce. Further investigations to
study the diurnal variations of soil moisture in the difierseasons and relate it to the time of
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acquisition of each sensor is an important topic which i kexpa future study.’

-page 5311, lines 18-19: Considering that soil moistureiestl is performed here pixel by
pixel (you are comparing single pixel values), the resantpihethod used (nearest neighbour)
could have an influence on your analysis. Did you try otheamgsling methods and assess
whether the results changed significantly or not? This issaéso illustrated in fig 1c.

The products were not modified, not resampled by a differegthod nor interpolated. This
ensures keeping the intercomparison as fair as possillewtiperforming any modifications on
the products that could influence the results.

To clarify this point this sentence was added in section|hg @27):

"This ensures keeping the intercomparison as fair as plessithout performing any interpola-
tion on the products that would influence the results.’

-page 5311, lines 16-27: This paragraph can be divided imto.t In this paragraph you
describe MRD, but this statistic is only used on a small paytour analysis. You should at least
mention that some other error measures (rmse) and coraeiatoefficients (R) are also used in
the analysis.

Thanks for your comment, the paragraph is splitted in twad pathe revised version of the
manuscript.

A mention about Root Mean Squared Error and correlationfioteit was added in section 2.3
(line 247):

'In addition to MRD, usual statistical coefficients are usedhis study. Root Mean Squared
Error (RMSE) is used to define the difference in volumetrit swisture between satellite and
ground measurements. Correlation coefficient quantifieis tamporal dynamics consistency.’

3. Results

-page 5312, line 15: In my opinion, a figure with histogram$oxkplots can be much more
clear than Table 3 to illustrate the distribution and rangeyour different moisture products.
We agree. To improve the clarity of the paper the Table 3 ofthEmitted manuscript has been
replaced in the revised version bgdar diagrams(Figure 3). These diagrams are composed of
three axes representing minimal, maximal and standardtienivalues of soil moisture from
the products and ground measurements at different locatidme polygon of each soil moisture
product clearly shows the distribution of values compacetthbse of other products and ground
measurements.

-In general, | think that some more discussion could be ginehis Results section.
We are agree with your comment. The manuscript was signtiicanporved with your com-
ments and those of other reviewers.



-page 5313, lines 4-8: Can this be related to the differeetjfiency of AMSRE/NSIDC? Or
to problems in the inversion algorithm? More discussiorape The same comment for page
5312 line 24- page 5314 line 4.

The following sentence was added in section 3.1 (line 282):
"The difficulty to provide low soil moisture values is specithe AMSR-E/NSIDC product, as
already shown by previous study over this area or in the gbmtieother climatic conditions
(Grubhier et al., 2008, Rudiger et al., 2009, Drapper et 809"

-page 5314, lines 24-25: 'This result clearly shows thatiestal and remote sensing ap-
proaches are both..! | suggest: 'This result clearly shdtet the retrieval approach and the
sensor characteristics are both... But again, this stagathmeeds further discussion. Is it be-
cause of the sensor frequency, sensor type, time of adqusifparameters required in the in-
version algorithm, problems or inconsistencies in the atho itself?

The sentence was corrected and completed as follow in segtig(line 332):

"This result clearly shows that the retrieval approach dreddensor characteristics are both of
high importance for the final soil moisture product charasties. Using a remote sensing fre-
guency sensitive to soil moisture is necessary but not serftido access accurately soil mois-
ture information. The retrieval algorithm also plays a ¢alicole in the accuracy of the re-
trieved soil moisture, as shown by the comparison betweerSRNE/NSIDC, AMSR-E/VUA
and TMI/VUA!

-page 5315, lines 8-9: Any implications of this?
According to other comments, this sentence and the nextepdasaed by the following in section
3.2.1 (line 343):
'ERS/CETP and ERS/TUW products, both based on scatteronhatiz, are particularly affected
by missing data (Figure 2), due to the fact that they are nbthfrom regression approaches
using masking criteria for extreme soil moisture values. HRS/TUW product, wet or dry soill
conditions €.9g.DOS 229 and DOS 372, Figure 6) are masked (missing) becaggarth beyond
the limit soil moisture thresholds defined from past measergs. Missing is also performed
due to operations conflicts with other sensors.’

-page 5315, lines 19-20: If ’'m not mistaken, it is the firstéiyou comment on the influence
of the acquisition time on your results. A more detailed gsial of the influence of the time of
observation needs to be carried out as commented above.

You are right. The paper is not focused on the acquisitiore tiedthough this one to be not
neglected. According to the long time series of two yearms ctivice was made to investigate at
the daily scale. As introduced in the methodology sectiooigd measurements are averaged at
daily scale. Thus, all products are evaluated in the samaitbom. This approach just be limited

in the case of soil moisture maps, requiring comments abmutisition time.

According to this comment and in agreement with your specimment above, the following



sentence was added in introduction of section 2.2 (line:155)

'Satellite products used in this study are acquired at wifietime of the day (Table 2). So in
order to inter-compare these products to each other a daié/dcale is considered in this study.
Accordingly, ground reference is used as daily mean soilstunce. Further investigations to
study the diurnal variations of soil moisture in the difierseasons and relate it to the time of
acquisition of each sensor is an important topic which i kexpa future study.’

-page 5316, lines 2-3: Not clear what you mean here.
These sentences:
"The assumption is that backscatter may be enhanced by edxteattering when the soil is com-
pletely dry. Therefore, providers recommend to mask theg®ns. Comparison without north
area was investigated. Statistical calculations have slsimvilar results.’
was clarified by in section 3.2.1 (line 365):
"The assumption to explain the over-estimation in the npgh is that backscatter may be en-
hanced by volume scattering when the soil is completely finygxample in desert areas). For
this reason, providers of these soil moisture productsmasend to mask this region. Therefore,
statistical calculations without north area was invesédawhich have shown similar results than
those with the entire area. Thus, all study area is considarthe following results.’

-page 5316, line 27-page 5317, line2: Why is moisture urgdenated in the wet season with
this sensors? Any suggestions?
The following sentences was added to better explained tfezehce between both ERS products
and ground measurements in section 3.2.2 (line 400):
'For both products, the lowest soil moisture values areiobthjust before the beginning of the
wet season. Scatterometer coefficients obtained duringihseason are higher than values
used like low reference, causing an over-estimation duheglry season.’

-page 5317, line 5-17: Fig 8 represents the average moisaurthree months (JFM, AMJ...)
for each latitude? In that case, | don'’t think Fig 8 incorpéea useful information. Maybe | miss
something but in my opinion, the same conclusions can baat&tt from Fig 7.

Figures was renumbered. Now, Figures 3-10 are 4-11.

We agree with you Fig 8 and 9 are a slightly redundant. Fig 9dvawed for synthesize infor-

mation from Fig 8 which confirme your comment. However, itmgiossible to compare results
from the Fig 8 to ground neasurement while this is made pleskipthe Fig 9. Thus, we prefere
conserve it.

-page 5317, lines 19-27: This paragraph should be bettecqadain the introduction or the
'Data and methods’ section.
Thanks you for this useful comment. This paragraph was méweatlie 'Data and methods’



section (line 250).

-page 5318, line 1: How did you normalize your moisture data?
The method used in this paper is the same that in Gruhier e28l08). According to your
comment a short description of the method has been added settiion 2.3 (line 258):
'Both volumetric and normalized soil moisture values armpared to ground measurements, in
order to better understand and quantify agreement betwaehite products and ground truth.

Normalized values are obtained following:
8,8
Sip = =

o

whereS; is is the soil moisture value of the considered DS is soil moisture value averaged
over all DOS, and is the standard deviation of serigs

-page 5318, lines 11-14: Could this be a consequence of tlerpterization of the inversion
algorithm? or maybe due to the sensor frequency?
This sentence has been added in the section 3.3 (line 439):
'The large differences of performances between the preduesult from differences between
measurements approaches and frequencies, as well agulifésrinversion algorithm methods,
as described in section 2.2.

-page 5318, lines 14-27: In my opinion, it is more interegtioc comment on the obtained
rmse values rather than on the correlation coefficient. Toreetation coefficient is only a mea-
sure of association between variables, it doesn't repregéimose variables coincide or not. This
Is particularly important if you separate your results indweasons, where your data probably
do not have range wide enough to yield high correlation coeffits.

We do not completly agree with your comment. Correlation RMEE coefficients are definitly
complementary to evaluate satellites products. Accortingour previous comment this sen-
tence was added in section 2.2 (line 247):

'In addition to MRD, usual statistical coefficients are usedhis study. Root Mean Squared
Error (RMSE) is used to define the difference in volumetrit swisture between satellite and
ground measurements. Correlation coefficient quantifieis tamporal dynamics consistency.’
The text in the results section was also updated in the wsnuscript, section 3.3 (line 429):
"Table 4 shows that the AMSR-E/VUA soil moisture productnsbiest agreement with ground
measurements at any temporal scale, with highest cooelasilues during all periods and low-
est RMSE for the two years (3.33%°/m?3) and for the dry seasons periods (1.75%/m3).
TMI/VUA with correlation values of 0.72, 0.52, and 0.48 i®sé to AMSR-E/VUA in terms of
performances (lower less than about 0.1). This product@iseides interesting RMSE values
during the two years and dry seasons periods (less tham#f?®). ERS/CETP product well
reproduces soil moisture variations, with correlatioruesl of 0.63 and 0.52 for 2005-2006 and
for monsoon periods. It has poor correlation with grouncadat dry season periods (-0.02),
for which soil moisture variability is very low. In terms o€euracy of soil moisture values, the
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RMSE values (range of 4.48 to 6.30) show than none of the ptedeach the target accuracy
of 4% m3/m3 during the monsoon period.’

4. Conclusions

As already said, in my opinion, it is not necessary to sumrearall the paper in this section.
| think this section can be substantially shortened. Thewntias and conclusions obtained from
your analysis should be given and their implications foufatstudies should be commented.
As indicated in the reply to this reviewer’s general commsdabove), the conclusion section has
been significantly reduced.

Tables:

-Table 1 is not necessary. The coordinates of the station®eanserted in the text.

As indicated above in the reply to the specific comments, weeathat the scientific content of
the Table 1 is rather limited. However Table 1 is providedgspsrt to the Data and Methods
section and the authors think that providing coordinatebértext would not be as clear as in a
table. This table is useful to help the reader understanti@gtudy area and ground measure-
ments location. Therefore the authors prefer to keep this ia the paper.

-Table 3 can be replaced by a figure with histograms or bosplot
To improve the clarity of the paper the Table 3 of the submittenuscript has been replaced in
the revised version byadar diagrams(Figure 3). These diagrams are composed of three axes
representing minimal, maximal and standard deviationeglof soil moisture from the prod-
ucts and ground measurements at different locations. Tlyg@o of each soil moisture product
clearly shows the distribution of values compared to thdsaetlver products and ground mea-
surements.

Figures:

Figures are of very good quality.
Thank you very much.

Figure 1: very interesting. It should be large enough to bsilganterpreted.
Thank you. This figure has been enlarged in the revised versio



Figure 2: also interesting. If I'm not mistaken, it is not niemed in the text (nor in the
caption) what AMSR-E/NSID@ised stands for.
Thank you for your comment, the AMSR-E/NSIDGsed definition is effectively missing. This
sentense was added at the end of the section 2.2 Satelbi¢lidat152):
'Because of the lack of equivalent product in term of avaligbof data, only the night pass of
the AMSR-E/NSIDC is used in this study (AMSR-E/NSIDGsed in the Figure 2)’
and the caption was supplemented with:
"The five soil moisture products are represented by coleslifSMR-E/NSIDC, AMSR-E/VUA,
TMI/VUA, ERS/CETP, ERS/TUW) and the red dotted line corr@sg to the data used from the
ASMR-E/NSIDC product.’

Figure 7: It is not clear to me whether this time-latitude giiam represents average values
over a latitude (for all the pixels with the same latitudesbows only one specific longitude (that
is kept constant). In this last case, the longitude usedlshmimentioned. In the caption is also
mentioned that values are 10-day averaged, did you apply-daiCaverage moving window?
So the quick variations in moisture are missed in this figuzeld you explain why?

The time-latitude diagram (in Figure 8 of the revised manipscrepresents averaged longitude
over the Gourma site [2W-1W]. For purpose of clarity a 10-dagrage moving window was
applied in this figure. This information has been added inRiggeire 8 caption of the revised
manuscript:

'For purpose of clarity a 10-day average moving window wagdiag in this figure.’

Figure 8: not very useful in my opinion.
We agree with you Figure 8 and 9 are a slightly redundant (Wogyres 3-10 are 4-11). Figure 9
was drawed for synthesize information from Figure 8 whichfzme your comment. However,
it is impossible to compare results from the Figure 8 to gtcbneasurement while this is made
possible by the Figure 9. Thus, we prefere conserve it.

Figure 9: In the legend it should be mentioned that measunésrege represented in black.
This sentence was added in the caption of the Figure 10 (Nigwrés 3-10 are 4-11):
'The ground measurements are represented by the black hile soil moisture products are
shown by color lines (ASMR-E/NSIDC, AMSR-E/VUA, TMI/VUA)rad color dots (ERS/CETP,
ERS/TUW).

Figure 10: very interesting. It should be large enough to asiky interpreted.
Thank you. We will ask to enlarge them in the published versio
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Abstract. This paper presents a comparison and an evaluation of five soil moisture products based on
satellite-based passive and active microwave measurements. Products are evaluated for 2005-2006
against ground measurements obtained from the soil moisture network deployed in Mali (Sahel) in
the framework of the African Monsoon Multidisciplinary Analysis project. It is shown that the ac-
curacy of the soil moisture products is sensitive to the retrieval approach as well as to the sensor
type (active or passive) and to the signal frequency (from 5.6 GHz to 18.8 GHz). The spatial pat-
terns of surface soil moisture are compared between the different products at meso-scale (14.5°N -
17.5°N and 2°W - 1°W). A general good consistency between the different satellite soil moisture
products is shown in terms of meso-scale spatial distribution, in particular after convective rainfall
occurrences. Comparison to ground measurement shows that although soil moisture products ob-
tained from satellite generally over-estimate soil moisture values during the dry season, most of them

capture soil moisture temporal variations in good agreement with ground station measurements.

1 Introduction

Surface soil moisture is a key variable which controls the water and energy exchanges at the soil-
vegetation-atmosphere interface. Koster et al. (2004) showed that the soil moisture feedback with
precipitation is very strong in the three regions of the US Great Plains, Asia and West Africa. In
particular, in the Sahelian region of West Africa, Taylor et al. (2007) and Taylor (2008) showed that

soil moisture and land surface processes influence meso-scale convective systems dynamics.
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Quantitative soil moisture assessment is crucial for land surface modelling and understanding as well
as for numerical weather prediction purpose. However, due to its high temporal and spatial variabil-
ity, it is difficult to provide accurate quantitative information on soil moisture at regional and global
scales. Several coordinated land surface modelling activities have provided insight into quantita-
tive soil moisture characterisation at regional and global scale (Dirmeyer et al., 2006; Boone et al.,
2009). Satellite remote sensing approaches also open the possibility to provide spatially integrated
information on soil moisture over large areas. Microwave remote sensing at low frequencies is the
most efficient approach to characterise soil moisture from space, with low atmospheric contribution
(Njoku and Entekhabi, 1996; Jones et al., 2004; Wagner et al., 2007; Kerr, 2007).

Various active and passive microwave sensors have been measuring Earth emissions and reflec-
tion for several years. The Advanced Microwave Scanning Radiometer on Earth Observing System
(AMSR-E) on the AQUA satellite is a passive microwave sensor. It has been providing brightness
temperature at five frequencies from 6.9 to 89 GHz since 2002. AMSR-E C-band (6.9 GHz) and
X-band (10.7 GHz) channels are suitable for soil moisture remote sensing (Njoku et al., 2003).
On the Tropical Rainfall Measuring Mission (TRMM) satellite, the TRMM Microwave Imager
(TMI) has been measuring microwave emission at five frequencies from 10.7 GHz to 85.5 GHz
since 1997. The wind scatterometer on the European Remote Sensing (ERS) satellites have been
performing continuous active microwave measurements at C-band (5.3 GHz) for 1991-1996 (ERS-
1) and since 1996 (ERS-2) (European Space Agency, 1997). Their continuity has been ensured
since 2006 by the Advanced Scatterometer (ASCAT) on the Meteorological Operational satellite
(METOP). METOP/ASCAT has been providing near real-time soil moisture products since 2008.
The ERS/SCAT and METOP/ASCAT series provides the longest consistent and continuous global
scale soil moisture data set since 1992.

SMOS (Soil Moisture and Ocean Salinity) satellite of the European Space Agency (ESA), launched
on November 2th 2009, is the first satellite devoted to soil moisture remote sensing. SMOS mea-
surements use an L-band interferometer which has been shown to be optimal to capture soil moisture
information from space (Kerr et al., 2001). From 2014 it should be followed by the Soil Moisture
Active and Passive (SMAP) satellite of NASA which, by combining active and passive approaches,
will provide soil moisture products at high resolution (http://smap.jpl.nasa.gov/).

Soil moisture retrieval is based on the difference between soil moisture and soil dielectric constant
which influences brightness temperatures and scatterometer coefficient from passive and active mi-
crowaves sensor, respectively. The sensitivity to soil water content might also be affected by Radio
Frequency Interference (RFI) and vegetation optical depth, which are both accounted for in the
retrieval algorithms. Although these soil moisture products are provided at relatively coarse resolu-
tions, disaggregation approaches have been investigated in the past few years (Merlin et al., 2008).
They proved to be highly relevant to provide soil moisture information at kilometer scale.

An important issue in remote sensing approaches concerns products validation. Several papers in-
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vestigated soil moisture products evaluation (Dirmeyer et al., 2004; Pellarin et al., 2006; Wagner
et al., 2007; Draper et al., 2009; Riidiger et al., 2009). Draper et al. (2009) provided a comparison
of four soil moisture products all based on AMSR-E sensor over a temperate climate in Australia
during 2006. Riidiger et al. (2009), 2009, showed a comparison of three products (and one simula-
tion) over the mainland of France from 2003 to 2005. Gruhier et al. (2008) provided an evaluation
of the AMSR-E soil moisture products of Njoku (2004) over the Gourma region of Sahel and the
south-west of France for 2005. None of these studies consider a study area with phased vegetation
and soil moisture cycle as it is the case over Sahel. This phasing between soil moisture and vegeta-
tion dynamics is however crucial for soil moisture retrieval accuracy and it might impact differently
passive and active microwaves performances. Good knowledge of soil moisture product accuracy
is particularly relevant to investigate over Sahel, which is a big area in term of the strenght of the
coupling between soil moisture and atmosphere.

In this paper five soil moisture products, obtained from current active and passive microwave sen-
sors, are inter-compared and evaluated over the Gourma region in Mali for 2005-2006. The study is
based on ground measurements acquired in the framework of the AMMA (African Monsoon Mul-
tidisciplinary Analysis) program (Redelsperger et al., 2006; de Rosnay et al., 2009b), within the
AMMA-CATCH observatory (Lebel et al. (2009); Mougin et al. (2009), AMMA-CATCH website
link: http://ltheln21.hmg.inpg.fr/catch/?&lang=en). This region is particularly relevant for satellite
products validation. Since it is composed of uniform pattern of soil and vegetation, and its relatively
limited vegetation cover is suitable for soil moisture remote sensing activities (Mougin et al., 2009).
Two satellite products are derived from the AMSR-E measurements. They are provided by the Na-
tional Snow and Ice Data Center (NSIDC) (Njoku, 2004) and by the VU University Amsterdam
(VUA) in collaboration with NASA (Owe. et al., 2008). The last-ones also provide a product based
on TRMM/TMI X-band data set. Two products are derived from the ERS scatterometer by Zribi and
Decharme (2009) and by the Vienna University of Technology (Wagner et al., 2003).

The next section provides a short description of the test sites and ground measurements and presents
the satellite data, followed by treatments applied and methodologies used. In section 3, product in-
tercomparison presents the importance of retrieval approaches, and soil moisture maps from the five
products show the difference of sensitivity between passive and active microwave sensors. Compar-
ison to ground measurements with statistical evaluation of product quality are provided. Section 4

concludes.

2 Data and methods
2.1 Study region and ground data

The AMMA international research program aims at providing a better understanding of West African

monsoon and its physical processes. Three representative meso-scale sites have been instrumented
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along a North-South climatic gradient in West Africa (Redelsperger et al., 2006). They are located
in Mali (North and Central Sahel), in Niger (South-Sahel) and in Benin (Soudanian site).

This study focuses on the Mali meso-scale site which is located in the Gourma region (Figure 1(a)).
The site spans 3 degrees in latitude from 14.5°N to 17.5°N and covers 1 degree in longitude from
2°W to 1°W. It is characterised by Sahelian meteorological conditions with a short rainy season from
end of June to September, followed by a long dry season from October until June. Mean annual rain-
fall is 370 mm per year, modulated by a strong inter-annual variability of the West African Monsoon
(Frappart et al., 2009). Figure 1(b) is a MrSID Landsat mosaic (R:Band 7,G:Band 4,B:Band 2). Over
the considered area, the landscape is characterised by 65% of homogeneous gently undulating sandy
dunes covered by annual herbaceous savanna (green area), 30% of flat rocky-loam plain (pink area)
and 5% of clay-forested areas (very dark red on the Figure 1(b)). This low vegetation cover of the
study area is optimal for soil moisture remote sensing because of the low impact of the vegetation
optical depth on the signal. The site has been instrumented with soil moisture and meteorological
station networks, water and CO?2 flux stations, LAI measurements as well as manual measurements
of soil and vegetation properties (Mougin et al., 2009). As pointed out by Mougin et al. (2009), the
relative homogeneity of the Gourma meso-scale site is particularly suitable for remote sensing eval-
uation of land surface products. Several studies investigated the validation and evaluation of satellite
products, including soil moisture, vegetation parameters, and albedo (Baup et al., 2007; Zribi and
Decharme, 2009; Gruhier et al., 2008; Samain et al., 2008; Mougin et al., 2009; de Rosnay et al.,
2009a).

The soil moisture network is described in detail in de Rosnay et al. (2009b). It will be a validation
area for the future SMOS products. For the considered period 2005-2006 the Gourma site includes
ten stations. Each of them is instrumented with capacitive soil moisture sensors. Stations perform a
continuous monitoring (15 min time step) of soil moisture profiles, including soil moisture at Scm
depth.

Among the soil moisture network, three stations are considered because of the representativity of the
latitudinal gradient (Table 1). They are located in In Zaket (ZAK), Ekia (EKI) and Agoufou (AGT)
(Figure 1(c)) and are all installed on coarse textured dune systems which are representative of the
main land type of the region. The ZAK and EKI stations are located at intermediate topography
levels (middle of hillslope), while the AGT station is located on top of a hillslope. As shown by
de Rosnay et al. (2009b) the location of the station on the hillslope influences the volumetric soil
moisture value. Stations located top (bottom) of hillslope tend to under-estimate (over-estimate) soil
moisture values at larger scale. However, these authors showed that on coarse textured soil types,
the soil moisture temporal dynamics are very fast and well captured independently of the location of
the station on the slope. AGT has been shown to be the most representative station in terms of soil
moisture variability, at both the kilometre scale and the super site scale (50km x 50 km). De Rosnay

et al., 2009b also showed that local scale ground measurements of soil moisture can be up-scaled
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at a kilometre scale using a simple linear regression, with very good inter-annual and meso-scale
stabilities. To correct local biases of the stations and to ensure spatial scale consistency between
satellite and ground based soil moisture, local ground measurements used hereafter are up-scaled

according to de Rosnay et al. (2009b).
2.2 Satellite data

Five soil moisture products are evaluated in this study. Three products are derived from the AMSR-
E and the TMI passive microwave sensors. Two products are derived from the ERS scatterometer
sensor. The following next three subsections and Table 2 show basic information about these sensors
and products.

According to the different satellite orbits and to the different inversion methods, data set sizes and
amount of soil moisture values vary with products (Figure 2). ERS/TUW and ERS/CETP (Cen-
tre d’Etudes Terrestres et Planétaires) products have significantly less available data than the three
passive microwave data sets. There are three reasons for this: (i) the revisit and swath widths are
different, (ii) the availability of ERS data is rather limited for the years 2005 and 2006 being be-
yond ERS life time, and (iii) inversion approaches used to obtain the two ERS/TUW and ERS/CETP
products use several thresholds that filter out extreme values which reduce the size of the data sets
for these two products. Among passive microwave data sets, AMSR-E/NSIDC is shown to contain
twice more data then VUA products (AMSR-E/VUA and TMI/VUA) for which night pass are used
and a filtering approach also reduces the data set in case of noise or extreme values.

A main issue in using passive microwaves is that the effects of soil moisture and vegetation water
content on microwave emission are contrasting: a decrease in vegetation water content and an in-
crease of soil moisture have the same effect on the signal, and conversely. Another issue concerns the
strong temperature effects on day-time measurements (ascending orbit). A strong gradient in the top
soil layers makes it difficult for soil moisture inversion in these conditions. To alleviate this problem
only descending passes (i.e. night-time) are used in this study. Because of the lack of equivalent
product in term of availability of data, only the night pass of the AMSR-E/NSIDC is used in this
study (AMSR-E/NSIDC-used in the Figure 2).

Satellite products used in this study are acquired at different time of the day (Table 2). So in order
to inter-compare these products to each other a daily time scale is considered in this study. Ac-
cordingly, ground reference is used as daily mean soil moisture. Further investigations to study the
diurnal variations of soil moisture in the different seasons and relate it to the time of acquisition of

each sensor is an important topic which is kept for a future study.
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2.2.1 AQUA AMSR-E satellite, sensor and products

The passive microwave AMSR-E instrument was launched on the AQUA satellite in May 2002.
AQUA crosses over the equator at a local solar time of 1:30 pm/am for ascending/descending orbit
on a polar sun-synchronous orbit (14 orbits/day). AMSR-E records brightness temperature at fre-
quencies of 6.9, 10.7, 18.7, 23.8, 36.5 and 89 GHz, at horizontal (H) and vertical (V) polarisations.
The mean spatial resolution at 6.9 GHz is about 56 kilometres with a swath width of 1445 km.
AMSR-E/NSIDC products Level3 B02 are used in this study. They are provided at a 25 km regular
grid and soil moisture is obtained from an iterative algorithm using 10.7 GHz and 18.7 GHz data
(Njoku et al., 2003). Initially, this algorithm was developed for 6.9 GHz and 10.7 GHz frequencies.
Due to RFI (Radio Frequency Interferences) affecting C-band data over large regions, the 10.7 GHz
and 18.7 GHz data were used instead. Land surface parameters like soil moisture, vegetation water
content, and surface temperature are also provided as AMSR-E products.

An independent product (AMSR-E/VUA) is evaluated in this paper. It has been developed by the
VU University Amsterdam in collaboration with NASA (Owe. et al., 2008). It is obtained by ap-
plying the three parameter Land Parameter Retrieval Model (LPRM, v03d) to the dual polarized 6.9
GHz channels to retrieve soil moisture and vegetation water content simultaneously without using
any additional information on vegetation cover. In order to ensure a good accuracy of the products,
only data of descending orbits, for which temperature gradient in the emitting layer are low, are used

in this algorithm.

2.2.2 ERS-Scatterometer satellite, sensor and products

ERS-1 was launched in July 1991 and ERS-2 April 1995, both with a scatterometer on board. The
first objective of this sensor is to measure wind over oceans, but its measurements have been shown
to be highly suitable for soil moisture remote sensing (Magagi and Kerr, 1997; Wagner et al., 1999).
ERS-2 is on a sun-synchronous polar orbit, completing in 100 minutes (14 orbits/day), with equator
crossing times at 10:30/22:30 (descending/ascending). The scatterometer records the backscattering
coefficient at 5.3 GHz at VV polarisation at spatial resolution of 47 kilometres for two angles.

The ERS/TUW product consists of soil moisture indexes provided at a 12.5 km spatial sampling by
interpolation. The retrieval algorithm computes soil wetness indexes using wet and dry difference
normalisation which makes it suitable at global scale from ascending and descending orbits. Mini-
mum and maximum values of the backscatter signal observed during 1992-2007 period are used to
define the range of variations (Wagner et al., 1999). Soil moisture indexes are in the range of O to
100%, which correspond to residual water content and saturation respectively. In this study, local
values of saturation are used to convert relative soil moisture index values to soil moisture volumet-

ric values (given in m?/m?). According to observed soil moisture at the Agoufou station, saturated
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and residual soil moisture are set to 23% m?>/m3 and 0% m?3/m3, respectively. These volumetric
soil moisture values were only determined from sandy soils, which is the main soil type.

An further ERS soil moisture product considered in the present paper is provided by Zribi and
Decharme (2009) with a 25 km spatial sampling. This product, hereafter referred as ERS/CETP
(Centre d’Etudes Terrestres et Planétaires) has been specifically developed for the West African re-
gion in the context of the AMMA project, so in contrast to the ERS/TUW product it is not available
at global scale. A statistical inversion has been applied on the signal based on local calibrations
over the AMMA sites. The backscatter coefficients are normalized to 40°on each cell to decrease
angular variation effects. The roughness effect are also eliminated as well as vegetation influence
using NDVI from AVHRR measurements. Only the descending pass are provided for this study. For

this product, soil moisture is provided in volumetric units.

2.2.3 TRMM-TMI satellite, sensor and product

The TMI sensor on board TRMM, launched in November 1998, is a passive microwave instrument.
It is designed for tropical rainfall observations with a circular orbit and an inclination of 35 degrees
to the Equator. Each orbit is completed in 91 minutes (16 orbits/day) with a swath around 400
kilometres. The TMI instrument operates at frequencies of 10.7, 19.4, 21.3, 37 and 85.5 GHz in
horizontal and vertical polarisations (21.3 GHz band only in H). The mean spatial resolution varies
from 50 km at 10.7 GHz and 6 km at 85.5 GHz.

The volumetric soil moisture product provided by the TMI/VUA is retrieved from the 10.7 GHz
measurements, with the same retrieval model as the AMSR-E/VUA product (LPRM v03, Owe.
et al. (2008)). Only the night data are used for this study (between 7PM and 8AM), and these are
provided on a 0.25 degree regular grid.

2.3 Methods

In order to validate the satellite products, ground measurements of soil moisture are spatially up-
scaled as indicated in section 2.1. Satellite products used in this study are acquired at different time
of the day (Table 2). So in order to inter-compare these products to each other a daily time scale is
considered in this study. Accordingly, ground reference is used as daily mean soil moisture. Further
investigations to study the diurnal variations of soil moisture in the different seasons and relate it to
the time of acquisition of each sensor is an important topic which is kept for a future study.

For the purpose of satellite products intercomparison, all products are resampled to a reference grid
with the nearest neighbour method. This ensures keeping the intercomparison as fair as possible
without performing any interpolation on the products that would influence the results. The grid of
the ERS/TUW soil moisture product is used here as reference because it has the finest resolution

(Table 2). Statistics are computed for each pair of products when a minimum of 33 pixels are
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available for the two considered products at the same date. This threshold ensures having enough
data for the comparison and it enables to compute statistics between the products.

Mean Relative Difference (MRD) is traditionally used to determine the most representative station
inside a soil moisture network (Vachaud et al., 1985). In this study, MRD is used to compare soil
moisture values of each product to the mean value obtained from the five products. For each SM

product i, M RD; is computed as:
1IN S,,— 5,

MRD,; = — Z -] 1)
m = S

where S; ; is the soil moisture value of the considered product ¢ at Day Of the time Series (DOS)
7, S_] is soil moisture value averaged over all products at DOS j, and m is the amount of DOS for
which soil moisture is available from all the five products. The M RD; value indicates the position
of the product ¢ relatively to the products-average. A MRD value of 0 indicates that the consid-
ered product is representative of the products average. A positive MRD indicates that this product
over-estimates soil moisture compared to the products average, while a negative MRD indicates an
under-estimation. The stability of the MRD during the time series is provided by its standard devia-
tion value. Lowest standard deviation value indicates strongest stability and best representativeness
in terms of soil moisture temporal variability.

In addition to MRD, usual statistical coefficients are used in this study. Root Mean Squared Error
(RMSE) is used to define the difference in volumetric soil moisture between satellite and ground
measurements. Correlation coefficient, R, quantifies their temporal dynamics consistency.
Evaluation of remote sensing products against ground measurements is very difficult and it needs
to be taken with great care. Ground stations provide extremely local estimates of soil moisture
while satellite measurements, as well as land surface modelling approaches, give spatially inte-
grated estimates of surface soil moisture. Surface soil moisture scaling properties mainly result from
ground heterogeneities (land cover, soil properties, topography) and precipitation heterogeneities.
De Rosnay et al. (2009b) have investigated surface soil moisture scaling properties over the Gourma
meso-scale site. They have shown that scaling properties of surface soil moisture are stable at the
meso-scale site.

Both volumetric and normalized soil moisture values are compared to ground measurements, in
order to better understand and quantify agreement between satellite products and ground truth. Nor-

malized values are obtained following:

Sj n — (2)

where S, is is the soil moisture value of the considered DOS j, S is soil moisture value averaged

over all DOS, and o is the standard deviation of series S.



270

275

280

285

290

295

300

3 Results
3.1 General features of surface soil moisture products

Figure 3 gives general information on surface soil moisture range (minimum and maximum values)
and indicates soil moisture variability (standard deviation). Theses values are obtained for 2005-
2006 for each soil moisture product (AMSR-E/NSIDC, AMSR-E/VUA, ERS/CETP, ERS/TUW,
TMI/VUA), as well as for local ground measurements after up-scaling fonction is applied (ZAK,
EKI, AGT). Several spatial scales are considered: (i) at the pixel scale, for which ground measure-
ments and satellite products are available (ZAK, EKI, AGT) and (ii) averaged at meso-scale for the
satellite products only.

Results of Figure 3 show substantial differences between the different soil moisture products in
terms of soil moisture range and soil moisture temporal variability. Ground measurements indicate
very low values of soil moisture during the dry season (minimum close to 0% m?3/m?), which are
consistent among the three stations. These low values are representative of lowest soil moisture
values encountered for coarse textured soils in this region (de Rosnay et al., 2009b). Apart AMSR-
E/NSIDC, all products reach low minimum values of soil moisture during the dry season at both the
pixel and the meso-scales (between 0% and 1.6%). Lowest soil moisture values from the AMSR-
E/NSIDC product are in the range of 4% to 5.6% at the pixel scale and 2.4% at the meso-scale. The
difficulty to provide low soil moisture values is specific to the AMSR-E/NSIDC product, as already
shown by previous study over this area or in the context of other climatic conditions (Gruhier et al.,
2008; Riidiger et al., 2009; Draper et al., 2009).

Maximal soil moisture values recorded by the stations are 13.39%, 27.26%, and 22.62% m?> / m2,
for ZAK, EKI, and AGT, respectively. The ZAK station, located north of the climatic gradient, rep-
resents the lowest range of soil moisture variations and the driest conditions. Over the ZAK pixel, all
soil moisture products overestimate soil moisture values in wet conditions compared to the ground
station. For the AGT pixel, TMI/VUA soil moisture maximum value is very close to those of the
ground station, while ERS/CETP and AMSR-E/VUA, AMSR-E/NSIDC and ERS/TUW maximal
values are underestimated. Figure 3 shows that standard deviation of ground soil moisture time series
lies in the range of 2.9% to 3.8% for the three stations. For the AMSR-E/NSIDC product, standard
deviation varies in the range of 1.5% to 1.9% over the three pixels and its value is 1.8% at meso-scale.
Comparison with ground stations at the pixel scale clearly shows that AMSR-E/NSIDC underesti-
mates the soil moisture variability. In opposite AMSR-E/VUA, ERS/CETP, ERS/TUW, TMI/VUA
overestimate the soil moisture variability over the ZAK et AGT station, while only AMSR-E/VUA
overestimates for the EKI pixel.

At the meso-scale, the ERS/TUW product show a maximal value of 36.6% mg/m:3 which is incom-
patible with the saturation value used to convert soil moisture index values to volumetric values.

This can be explained by some index values higher than 100 in this product. Indeed, the maximal
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index value reached by ERS/TUW product is 159. The count of value higher than 100.0 represents
0.77% of valid data.

The MRD method, described in section 2.3, is applied here for the soil moisture satellite products
as shown in Figure 4. General low values of MRD are due to the fact that any satellite products
are used. In addition, long time series is considered leaving to seasonal compensation and low bias
values. AMSR-E/NSIDC and AMSR-E/VUA have the largest and lowest MRD, corresponding to
highest and lowest mean soil moisture values, respectively. Both products also show largest standard
deviations which indicates that this position compared to the products average is not constant during
the time series. TMI/VUA, ERS/TUW and particularly ERS/CETP products are the nearest of the

product average (low values of MRD).

Among the five soil moisture products evaluated here, some are based on the same remote sensing
data set and others use the same retrieval approach. Figure 5 shows the three possible comparisons
of pairs of products: 1) both products based on AMSR-E sensor (Figure 5(a)), 2) both products
based on scatterometer sensor (Figure 5(b)), 3) both products based on same retrieval approach from
LPRM model by VUA (Figure 5(c)). Soil moisture values used in these scatterplots are from the
three pixels corresponding to the stations.

AMSR-E/NSIDC and AMSR-E/VUA products, both based on AMSR-E data set, have a correlation
ratio of 0.732. This result indicates a strong correlation according to the sample of 1340 data. How-
ever, the two products are not in agreement for dry soil moisture conditions (Figure 5(a)). Indeed,
AMSR-E/NSIDC product do not provide soil moisture values lower than 5% m?/m3. This product
shows a lack of dynamic, particularly in low values as already shown by previous studies (Gruhier
et al., 2008; Riidiger et al., 2009; Draper et al., 2009). This leads to Root Mean Square Error (RMSE)
values to be relatively high (5.79) between the AMSR-E/NSIDC and the AMSR-E/VUA products.
In contrast, the Figure 5(b) shows that the two products based on scatterometer data provide soil
moisture values in great agreement with a correlation ratio of 0.776 and a RMSE of 2.34% m? /m?.
A comparison between the AMSR-E/VUA and TMI/VUA products is shown in Figure 5(c). These
products are obtained from different sensors but they are based on the same inversion algorithm.
They are in very good agreement with a correlation ratio of 0.82 and a RMSE of 3.21% m3 /m3.
This result clearly shows that the retrieval approach and the sensor characteristics are both of high
importance for the final soil moisture product characteristics. Using a remote sensing frequency sen-
sitive to soil moisture is necessary but not sufficient to access accurately soil moisture information.
The retrieval algorithm also plays a crucial role in the accuracy of the retrieved soil moisture, as

shown by the comparison between AMSR-E/NSIDC, AMSR-E/VUA and TMI/VUA.

10
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3.2 Meso-scale surface soil moisture characteristics
3.2.1 Soil moisture maps

Figure 6 shows soil moisture maps from the five satellite products over the meso-scale site. Fourteen
days are selected so as to be representative of all cases encountered during the two years study. Soil
moisture maps available from the five products over the two years was study. Specifics cases was
identified, similar maps as well as cases of maps providing different results. For six of these days,
at least one product is characterised by missing data for the entire meso-scale window. ERS/CETP
and ERS/TUW products, both based on scatterometer data, are particularly affected by missing data
(Figure 2), due to the fact that they are obtained from regression approaches using masking criteria
for extreme soil moisture values. For ERS/TUW product, wet or dry soil conditions (e.g. DOS
229 and DOS 372, Figure 6) are masked (missing) because they are beyond the limit soil moisture
thresholds defined from past measurements. Missing values are also due to operations conflicts with
other sensors.

During DOS 229, soil moisture values provided by ERS/TUW product in the south part of the meso-
scale area are particularly high. Soil moisture values are higher than 24.83% which should not be
possible as already introduced in Section 3.1.

DOS 213, 216, 229, and 614 show rather good agreement between the five soil moisture products.
They all depict contrasted spatial distribution of soil moisture values at meso-scale. DOS 527 also
indicates a relative good consistence between soil moisture maps for AMSR-E/NSIDC, AMSR-
E/VUA, and ERS/TUW products which clearly show a wet patch centred on 1.8°W/15°N. However,
TMI/VUA product does not capture this wet patch on DOS 527 and indicates relatively uniform soil
moisture conditions at meso-scale. That can be explained by different times of overpass between the
satellites.

During DOS 197 and 566, ERS/CETP product underestimates soil moisture values in the south part
of the area, compared to the four other products which are in good agreement.

DOS 372 and 477 (dry conditions) show that both ERS derived products, overestimate soil mois-
ture values in the northern part of the area. This two DOS are representative of existing differ-
ences between active (ERS/CETP, ERS/TUW) and passive (AMSR-E/NSIDC, AMSR-E/VUA and
TMI/VUA) products during dry season (not shown). The assumption to explain the over-estimation
in the north part is that backscatter may be enhanced by volume scattering when the soil is com-
pletely dry (for example in desert areas). For this reason, providers of these soil moisture products
recommend to mask this region. Therefore, statistical calculations without north area was inves-
tigated, which have shown similar results than those with the entire area. Thus, all study area is

considered in the following results.

Spatial correlations are calculated between each soil moisture map when data are available for
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a minimum on 33 pixels for each pair of products in the studied Gourma-Mali window. Temporal
evolutions of the obtained spatial correlation values are shown in Figure 7 and summarised in Table

375 3 for different periods. In general a high correlation between the pairs of products is obtained dur-
ing the monsoon season compared to the dry season. This is explained by the higher soil moisture
gradient du to rainy event during the wet saison. While during the dry season, the correlation ratio
is more sensible to the low inadequancy between soil moisture maps. However, this is less marked
when the ERS/CETP soil moisture product is in the pair. The high consistance between this soil

380 moisture maps during all the period is due to the over-estimation in the north part by both products.
Correlation between AMSR-E/NSIDC and AMSR-E/VUA presents the highest seasonal sensitivity,
with variations between 0.96 during rainy seasons down to -0.75 during the 2005-2006 dry seasons
(Figure 7). This is confirmed by mean seasonal values (Table 3) which show mean correlation ratios
of 0.422 during monsoon and -0.005 during dry season, respectively.

385 For the entire 2005-2006 period, spatial mean correlation between AMSR-E/NSIDC and AMSR-
E/VUA is relatively low (0.113). The best agreement between products is obtained between ERS/CETP
and ERS/TUW products (0.609), both obtained from the same sensor (ERS). Good agreement be-
tween the AMSR-E/VUA and TMI/VUA product (0.503) is also obtained. It is interesting to notice
that although these last two products are not obtained from the same sensor and frequency (AMSR-E

390 and TMI), they are obtained from the same retrieval approach (Owe. et al., 2008).
3.2.2 Time-Latitude representation of soil moisture

Time-latitude diagrams are shown in Figure 8 for the five soil moisture products for 2005-2006.
They represent seasonal and latitudinal soil moisture variability for each product. Monsoon season
in July-August-September is clearly distinguished with highest soil moisture values. Seasonal cycles
395 of soil moisture are particularly contrasted for AMSR-E/VUA, ERS/TUW and TMI/VUA products.
In contrast, amplitude is relatively small for AMSR-E/NSIDC and ERS/CETP products due to com-
bined effects of over-estimated soil moisture during dry seasons and under-estimated soil moisture
during the wet season. ERS/CETP and ERS/TUW, both based on ERS data set, indicate very high
soil moisture values (> 8% m?/m?) during the dry season over the north part of the study area,
400 as mentioned in section 3.2.1. For both products, the lowest soil moisture values are obtained just
before the beginning of the wet season. Scatterometer coefficients obtained during the dry season
are higher than values used like low reference, causing an over-estimation during the dry season.
Latitudinal soil moisture profiles are shown in Figure 9 for January-February-March, April-May-
June, July-August-September, and October-November-December for the five satellite products and
405 the three ground stations. Ground stations clearly show a contrasted annual cycle, with soil mois-
ture values ranging between 7% during the wet season and less than 1% during the rest of the year.
During April-May-June, which is the end of the dry season and the very beginning of the monsoon

season, a few precipitation events lead to a slight increase soil moisture values of AGT station in
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the south part of the area. The AMSR-E/VUA soil moisture product is in the best agreement with
the ground measurements compared to other product, particularly during the dry periods. It is able
to capture the season amplitude and to some extent the latitudinal profile. TMI/VUA also performs
well in terms of soil moisture seasonal amplitude. AMSR-E/NSIDC in contrast underestimates soil
moisture seasonal dynamics. ERS/CETP and ERS/TUW overestimate soil moisture values in the

north part of the area. This is consistent with results shown in Figure 6.
3.3 Soil moisture comparison with ground measurements

Figure 10 shows the temporal profile of soil moisture (five satellite products and ground truth),
expressed as (a) volumetric and (b) normalised data, for the three different locations (ZAK, EKI,
AGT). Quantitative comparisons are provided in Figure 11 which represents scatterplots between
soil moisture products and ground stations. Table 4 gives statistics (correlation, RMSE, bias) of this
evaluation at several temporal scales, averaged on the three ground stations.

Figure 10 shows that all products and ground stations indicate soil moisture increase during the
monsoon seasons in summer 2005 and in summer 2006. However, the scatter between soil moisture
products and ground stations is important (Figure 11). The five satellite soil moisture products over-
estimate soil moisture during dry seasons as clearly shown in Figure 10(a) and in Figure 11 for low
soil moisture values. This is particularly the case for the AMSR-E/NSIDC product which therefore
considerably underestimates the seasonal amplitude of soil moisture. However normalised values of
AMSR-E/NSIDC product indicate that soil moisture dynamics and variability is qualitatively well
captured for this product as well as for the other products (Figure 10).

Table 4 shows that the AMSR-E/VUA soil moisture product is in best agreement with ground mea-
surements at any temporal scale, with highest correlation values during all periods and lowest RMSE
for the two years (3.33% m3 /m?) and for the dry seasons periods (1.75% m?3/m?). TMI/VUA with
correlation values of 0.72, 0.52, and 0.48 is close to AMSR-E/VUA in terms of performances (lower
less than about 0.1). This product also provides interesting RMSE values during the two years and
dry seasons periods (less than 4% m3 /m?). ERS/CETP product well reproduces soil moisture vari-
ations, with correlation values of 0.63 and 0.52 for 2005-2006 and for monsoon periods. It has poor
correlation with ground data for dry season periods (-0.02), for which soil moisture variability is
very low. In terms of accuracy of soil moisture values, the RMSE values (range of 4.48 to 6.30)
show than none of the products reach the target accuracy of 4% m?/m? during the monsoon pe-
riod. The large differences of performances between the products result from differences between
measurements approaches and frequencies, as well as differences inversion algorithm methods, as
described in section 2.2.

Figure 10 shows that most soil moisture products are affected by relatively large noise during dry
periods, while ground data indicate steady soil moisture values close to 0% m?/m?. However, soil

moisture remote sensing is of highest interest during the monsoon seasons during which atmospheric
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feedbacks are very strong. Most products perform satisfactorily during the monsoon seasons with

correlation ranging from 0.31 for ERS/TUW to 0.6 for AMSR-E/VUA.

4 Conclusions

This paper provides an inter-comparison and evaluation of five products derived from three different
satellite sensors (active and passive microwaves): four surface soil moisture and one soil moisture
index which is converted to volumetric values to be comparable to the other products. The study
has been performed over a Sahelian area located in the Gourma-Mali region during two consecutive
years (2005-2006). Products are inter-compared and evaluated using local ground station measure-

ments from three different ground sites.

A comparison of the products by pairs was performed according to similarities in terms of sensor
or retrieval approaches. The resulting products derived from AMSR-E data but different retrieval
approaches (AMSR-E/NSIDC and AMSR-E/VUA), are shown to be very different in terms of soil
moisture distribution. In contrast, ERS products from TUW and CETP, both obtained from ERS
C-band backscattering coefficients and calibrated using ground data, provide similar soil moisture
values. The AMSR-E/VUA and TMI/VUA products obtained by VUA using the LPRM retrieval
model at C-band and X-band are very similar in terms of value and spatial and temporal distribution
of soil moisture. This results show the importance of an efficient retrieval algorithm which can pro-

vide suitable soil moisture values even if non-optimal remote sensing frequencies is used.

The five products capture the seasonal soil moisture variations. However, the range of soil mois-
ture variations is very different between the products. Verification against ground measurements
shows that AMSR-E/NSIDC soil moisture data strongly under-estimate the range of soil moisture
variations and do not capture low soil moisture values during dry season or between two precipitation
events during the monsoon season. The other products are in better agreement with the ground data
although they also tend to overestimate low soil moisture values in dry conditions. ERS/CETP and
ERS/TUW present acceptable performances but they both overestimate soil moisture in the northern
part of the area. AMSR-E/VUA and TMI/VUA products have the best performances in terms of soil
moisture retrieval when compared to ground station measurements, with correlation values above

0.81 and RMSE less than 4.2% m? /m? for all three sites considered.

This first large scale inter-comparison of active and passive microwave soil moisture products over
Sahel shows that both active and passive low frequency remote sensing approaches are sensitive to
surface soil moisture variations. The soil moisture product (ERS/CETP) and the soil moisture index

(ERS/TUW) based applied on both ERS-1 and ERS-2 data enables to have a long and continuous
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time record (since 1992). However, best performances over the study area were clearly obtained us-
ing the VU University Amsterdam product, which is based on AMSR-E C-band passive microwave
measurements. This study also demonstrates that, all things considered, the retrieval accuracy is as
much linked to the sensor (within a category) than to the algorithm used. In passive microwaves the
VUA algorithm applied to AMSR-E (C band) and TMI (X band) behaves similarly but very differ-
ently than that of NSIDC applied to AMSR -E (X band).

These results will be used in the framework of the validation of the SMOS L-band instrument which
will provide soil moisture values from January 2010. Knowledge of accuracy of current soil moisture
products is a highly valuable information used as a reference to compare with SMOS soil moisture

products.
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Table 3. Mean values of spatial correlations shown in Figure 7, for the entire 2005-2006 period (left), for
2005-2006 monsoon seasons (middle) and for 2005-2006 dry seasons (right).

Two years Monsoon seasons Dry seasons
PRODUCT AMSR-E  AMSR-E  ERS ERS AMSR-E  AMSR-E  ERS ERS AMSR-E  AMSR-E  ERS ERS
NSIDC VUA CETP TUW NSIDC VUA CETP TUW NSIDC VUA CETP TUW
TMI/'VUA 0.12 0.50 0.24 0.24 0.37 0.66 0.27 0.45 0.02 0.44 0.23 0.17
ERS/TUW -0.07 0.40 0.61 0.14 0.56 0.51 -0.17 0.32 0.65
ERS/CETP -0.16 0.39 0.07 0.21 -0.26 0.48
AMSR-E/VUA 0.11 0.42 -0.01

Table 4. Average of statistical results obtained product and stations for two years period, monsoon periods, and

dry seasons. RMSE and bias are in % m? / m?, N indicates the number of data.

Two year Monsoon seasons Dry seasons

PRODUCT Corr RMSE Bias N Corr RMSE Bias N Corr RMSE Bias N

AMSR-E/NSIDC  0.59 591 531 334 042 4.48 325 102 034 647 633 23
AMSR-E/VUA 0.82 333 127 335 0.60 5.46 3.65 102 058 175 031 23

ERS/CETP 0.63 523 4.14 83 052 5.70 391 27 -0.02  4.88 437 56
ERS/TUW 052 541 4.15 151 031 6.30 4.10 49 0.04 497 441 102
TMI/VUA 0.72 394 2.82 274 052 5.02 3.18 80 048  3.38 2774 194

19



2°W W

14,5 i
1
LiandaraTy s Losaians e s -l
2.0% 5% 1o
REGION === AMSR—E/NSDC @ ERS/CETP (C)
B stons —— mm’ui/w”‘ * ERS/TUW

Fig. 1. (a) Localisation of study area inside Mali. (b) Land cover map from Landsat mosaic, green area are
homogeneous gently undulating sandy dunes covered by annual herbaceous savanna (65%), pink is flat rocky-
loam plain (30%), and very dark red is clay-forested areas (5%). (c) Stations location (black squares) over the
Gourma-Mali meso-scale site (grey box) and satellite soil moisture products grids. Regular grids are represented
by red and green boxes for AMSR-E/NSIDC and AMSR-E/VUA-TMI/VUA respectively. For irregular grids
central points of the pixels are indicated by purple and%%e crosses for ERS/CETP and ERS/TUW respectively.
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Fig. 2. Temporal coverage for each soil moisture product, in day by month over the Gourma window (counted
when at least one pixel is available). The five soil moisture products are represented by color lines (ASMR-
E/NSIDC, AMSR-E/VUA, TMI/VUA, ERS/CETP, ERS/TUW) and the red dotted line correspond to the data
used from the ASMR-E/NSIDC product.
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Fig. 3. Volumetric Soil Moisture (in % m?>/m?>) from satellite products and ground measurements at the ZAK,
EKI and AGT stations and averaged at the meso-scale. Minimum and maximum value and standard deviation
are calculated for the time series 2005-2006. Minimal and maximal values for ERS/TUW are from converted

original indexes values as indicated in section 2.3.

22



A T TAMSR-E/NSIDC "

o E i
g 08 —
e C ERS/CETP ERS/TUW ]
£ 04 —
e c T™I/VUA L ]
¢ o0o0F AMSR—E /VUA T .
= T r ’ J 1 2
iS; C ]
r 041 =
c C i
O - -
o —-0.8 -
= C ]

—-1.2C | | N [ | 7

1 2 3 4 5
Range

Fig. 4. Mean relative difference (MRD) value for each satellite product. Negative values of MRD indicate that
the product under-estimates soil moisture compared to the products average, while positive values indicate an

over-estimation.

23



(@) AMSR—E products (b) Scatterometer products

T o e e A B ST
2 [ N= 1340 ] [ N= 144 . ]
} [ Corr= 0.732 1 2 [ Corr= 0.776 1
[ . ] [ ]
I ZO’RMSE: 5.789 _ } 2O,RMSE: 2.336 |
»e [ BIAS= —4.408 * * 7 c [ BIAS= -0.433 1
S H .o 1 H 1
-+ r 7 NN r 7
8] * *e N L 4
[ .o ]
3 15F IS 1 g st * . :
o r o, $%%¢ ¢4 S r . 1
a F $ $e *eo°, {1 o H oo o 1
L L . {9 L . e ¢ ]
= LN L4 * o &
2 ot gte §edel f f f
D10 o o tsdtd : 1 = 10F . ]
Q §§ . 13 L e :
%) *, B = L 0“‘“ - J
< s sset ¢ 12 EoW :‘ﬁ % 1
w5k 10N 5F 2 AP 3¢ *
m‘c I ] & 7g o~ o ]
[ ] [ A ]
% [ 1 w ;‘o“ MR i
< ol OiAA"\HH\HH\HH\HH’
0 5 10 15 20 25 0 5 10 15 20 25
AMSR—E /VUA SSM Product (% m3/m3) ERS/CETP SSM Product (% m3/m3)
(c) Products from same method
5T
L N= 691 ¢ 1
“ r Corr= 0.822 1
S [ RMSE=  5.208 ¢ 1
~. 20 - : .o .
M FBIAS=  —1.613 1
& F . Ly 1
. F . . . o . 1
¥ b . . oo 1
L~ 15F .o .o B
O L * 4
3 e . o ¥e . 1
o r * 6 6 ¥ * o 1
o F - XX . 1
s 10 IXXFLXEEXX . B
5 e BT XX . . 1
7] e eoseesee - 1
< oo osoedee o o o 1
> lesssesesee R 1
< Sreeeesee XX LS E
= beosesooe o o 1
Z beoseoe o 1
besee o 1
O>A:‘AI‘ R R R
0 5 10 15 20 25

AMSR—E /VUA SSM Product (% m3/m3)

Fig. 5. Relation between different satellite soil moisture products for 2005-2006 on the three validation sites.
Panel (a) shows the relation between the two AMSR-E products (AMSR-E/NSIDC and AMSR-E/VUA). Panel
(b) shows the relation between the ERS products (ERS/TUW and ERS/CETP). Panel (c) shows the relation
between the TMI/VUA and AMSR-E/VUA products obtained with different sensors.
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Fig. 6. Soil moisture maps over the Gourma-Mali window for the five products (AMSR-E/NSIDC, AMSR-
E/VUA, ERS/CETP, ERS/TUW, TMI/VUA), for different Day of time Series (DOS 156, 166, 172, 186, 197,
213, 216, and 229 for 2005 and DOS 372, 477, 527, 566, 596, and 614 for 2006).
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Fig. 7. Temporal evolution of spatial correlations between soil moisture products for the Gourma-Mali window.

Background shaded grey areas indicate monsoon seasons.
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Fig. 8. Time-Latitude diagrams of the five soil moisture products (AMSR-E/NSIDC, AMSR-E/VUA,
ERS/CETP, ERS/TUW, TMI/VUA) for 2005-2006, represents averaged longitude over the Gourma site [2W-

1W]. For purpose of clarity a 10-day average moving window was applied in this figure.
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July-August-September (JAS), October-November-December (OND), based on 2005-2006 data. The five soil
moisture products are represented by color lines (ASMR-E/NSIDC, AMSR-E/VUA, ERS/CETP, ERS/TUW,

TMI/VUA). Ground stations soil moisture values are indicated by black crosses.
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Fig. 10. Soil moisture values from all soil moisture products over the three ground stations for 2005 and 2006.
The ground measurements are represented by the black line while soil moisture products are shown by color

lines (ASMR-E/NSIDC, AMSR-E/VUA, TMI/VUA) and color dots (ERS/CETP, ERS/TUW).
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Fig. 11. Soil moisture from products versus from ground measurements. Black points correspond to dry seasons
(October to June) and grey points to monsoon seasons (July-August-September). Statistical results shown are

calculated during two years period.
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