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Abstract The Sahel is prone to intense soil erosion, and the dust emission ﬂux is very sensitive to the
surface wind speed. In this study, we use high-frequency observations acquired across the Sahel to assess
the ability of three global reanalyses (ERA-interim, NCEP-CFSR and MERRA) to capture the observed surface
wind events that are critical to wind erosion. ERA-Interim is shown to perform best. However, all three
reanalyses present a too ﬂat annual cycle, with important season-dependent biases: they overestimate the
surface wind during dry season nights and underestimate it during spring and monsoon season days. More
importantly, the strongest wind speeds, observed in the morning and during deep convective events, are
systematically underestimated. As analyzed wind ﬁelds are one of the main inputs of many dust emission
models, their too low fraction of high wind speeds will lead to major errors in dust emission simulations.
1. Introduction
Wind erosion over North Africa is responsible for 25 to 50% of the global emissions of mineral dust
[Engelstaedter et al., 2006]. These emissions aﬀect the climate [Carslaw et al., 2010] due to their radiative
impact, which still remains a signiﬁcant source of uncertainty in climate projections [Intergovernmental Panel
on Climate Change, 2007, 2013].
In the Sahel, wind erosion is a crucial issue for people and the local economy, which heavily depends on
agriculture [United Nations, 2012]. As upper soil layers contain most of the nutrients needed for plant
growth, erosion lead to a signiﬁcant midterm loss of soil fertility and productivity [Bielders et al., 2002].
Wind erosion also generates strong dust emission [Rajot et al., 2012]. Consequently, atmospheric
concentrations of particulate matter less than 10 μm (PM10 ) frequently reach very high values, up to several
thousands of μg m−3 [Ozer et al., 2007; Marticorena et al., 2010], far above the World Health Organization
quality standards (daily mean less than 50 μg m−3 ). High PM10 concentrations have numerous undesired
consequences on human health [Pope et al., 2002] and have been related to meningitis in the Sahel
[Martiny and Chiapello, 2013].
Quantifying the amount of dust uplifted by the wind is therefore an issue of particular importance [Knippertz
and Todd, 2012]. It has been shown that the dust emission ﬂux varies with the cube of the surface friction
velocity above a threshold which depends on soil surface characteristics [Marticorena and Bergametti, 1995].
In West Africa, dust emission events are mainly related to two meteorological processes leading to high
surface wind speeds: turbulent mixing of the nocturnal low-level jet (LLJ) [Washington and Todd, 2005;
Fiedler et al., 2013] and gust fronts induced by convective cold pools [Flamant et al., 2007; Marsham et al.,
2008; Rajot et al., 2012; Marticorena et al., 2010]. Typically, a signiﬁcant fraction of the dust uplift occurs
during isolated events which generate violent cold pool outﬂows caused by moist deep convection
(cf. results from observations over the Sahel [Rajot, 2001; Abdourhamane Toure et al., 2011] and Sahara
[Marsham et al., 2013a] or from a model [Heinold et al., 2013]).
Meteorological reanalyses are well suited to capture synoptic-scale dynamical processes, but biases in
surface wind speeds can be induced through conceptual limitations. First, because of their physical parameterizations, density currents resulting from deep convection enhance the surface wind speed [Charba, 1974;
Goﬀ, 1976; Houze and Betts, 1981] and are not parameterized in atmospheric models like those used for
meteorological reanalyses. Second, their coarse resolution and time sampling is not well adapted to
transient strong wind events occurring at the mesoscale and generating a large subgrid scale variability.
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Several recent studies [Todd et al., 2008; Knippertz et al., 2009; Marsham et al., 2011, 2013a; Fiedler et al.,
2013], based on cases studies, have indeed pointed out or suggested some misrepresentations of the wind
in reanalyses. As dust emission ﬂuxes are directly linked to the surface wind speed, they are particularly
sensitive to the wind ﬁelds [Luo et al., 2003; Schmechtig et al., 2011]; the estimated ﬂuxes can vary by a factor
of 3 when using wind ﬁelds from diﬀerent reanalyses [Menut, 2008]. These results lead to a growing concern
on the use of reanalyses to simulate Sahelian dust emissions, but a systematic evaluation of this issue is
still lacking.
In the meantime, meteorological reanalyses are more and more commonly used as input ﬁelds for dust
emission simulations over North Africa [Tegen et al., 2002; Gong et al., 2003; Washington et al., 2003; Huneeus
et al., 2011; Pierre et al., 2012; Doherty et al., 2014; Ridley et al., 2014; Albani et al., 2014; Kim et al., 2014],
because they use a homogeneous forecasting system for long time periods (typically 30 to 50 years), making
them the most suitable products for the purpose of long-term studies and simulations.
The present study investigates the ability of several reanalyses to represent the previously described
processes, in order to point out potential deﬁciencies. To this purpose, several years of high-frequency wind
observations acquired at diﬀerent locations across the Sahel are used to examine the performances of three
global reanalyses.

2. Data and Method
2.1. Data
We use the following reanalyses: ERA-Interim (European Re-Analysis) from the European Centre for MediumRange Weather Forecasts (ECMWF) [Dee et al., 2011]; NCEP-CFSR (National Centers for Environmental
Prediction’s Climate Forecast System Reanalysis) from the National Oceanic and Atmospheric Administration
(NOAA) [Saha et al., 2010]; MERRA (Modern Era Retrospective for Research and Applications) from the
National Aeronautics and Space Administration [Rienecker et al., 2011].
The 10 m wind speed is available every 3 h for ERA-Interim and every hour for NCEP-CFSR and MERRA. This
time resolution allows to capture the LLJ breakdown which occurs in the morning. The spatial resolutions
are about 80 km × 80 km, 38 km × 38 km, and 55 km × 70 km for ERA-Interim, NCEP-CFSR, and MERRA,
respectively (see supporting information (SI) Appendix SA, for more information).
We also use observations from the network of the African Monsoon Multidisciplinary Analyses (AMMA)
program [Redelsperger et al., 2006] and focus on four measurement sites chosen to sample the climatology
of the surface wind speed in the Sahel, covering an area of about 1000 km × 400 km (SI Figure SA1). These
observations were collected over 5 years or more in Cinzana (Mali), 13.28◦ N, 5.93◦ W, at 2.3 m above ground,
and Banizoumbou (Niger), 13.54◦ N, 2.66◦ E, at 6.5 m as part of the AMMA Sahelian Dust Transect (SDT)
[Marticorena et al., 2010]; Agoufou (Mali), 15.34◦ N, 1.48◦ W, and Bamba (Mali), 17.1◦ N, 1.4◦ W, at 3 m at both
sites as part of the AMMA-Couplage de l’Atmosphère Tropicale et du Cycle Hydrologique (CATCH) network
in Mali [Mougin et al., 2009]. See more details in SI Appendix SA.
A 15 min average is applied to the observed wind speed time series acquired at higher frequency to match
typical analysis time step. All wind speed measurements are extrapolated to 10 m assuming a logarithmic
proﬁle [Stull, 1987]. This accounts for a maximum bias of less than 0.5 m s−1 in strongly stable cases (see
SI Appendix SB). Following Lloyd et al. [1992], surface roughness lengths are estimated from the ratio of
the wind speed to friction velocity measured using the eddy correlation technique at Agoufou and Bamba,
where turbulence observations are available. Otherwise, we use values from ERA-Interim. Estimated annualaveraged surface roughness lengths are 0.001 m at the northern bare soil site of Bamba, 0.05 m at Agoufou,
0.18 m at Banizoumbou, and 0.23 m at the southwestern vegetated site of Cinzana.
2.2. Method
For comparison between observations and reanalyses, we use at each site the closest reanalysis grid point
(results are similar with a distance-weighted interpolation of the four nearest grid points) and a 3-hourly
subsampling of the 15 min running-average observed wind speeds time series. Since the wind in reanalysis
is computed at a resolution of several tens of kilometers, a perfect match with local observation is not
expected because local characteristics may impact the comparison with a large-scale model. Consequently,
we limit our analysis to systematic biases emerging from comparisons at all the observational sites on long
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time series. We analyze in particular statistics from diurnal to seasonal timescales with Taylor diagrams
[Taylor, 2001], using daily mean wind speed and its 3-hourly ﬂuctuations around the mean.
The wind speed probability density function (PDF) is investigated in order to evaluate the fraction of high
wind speeds. Focus is put on convective events, detected using two complementary criteria. The ﬁrst
consists in deﬁning the occurrence of convection when precipitation is locally recorded. The associated
convective event is extended to the 30 min before the ﬁrst rain and the 30 min following the last rain. The
second is based on the satellite-based tracking of Mesoscale Convective Systems (MCSs) of Fiolleau and
Roca [2013]. The algorithm operates with infrared images to track MCSs and provides estimations of MCSs
occurrence over the observational sites every 30 min. Both criteria lead to minor diﬀerences in the detection of convective events, which implies that most of the tracked MCSs are precipitating and conversely that
local precipitation is mainly provided by MCSs, consistently with the ﬁndings of Laurent et al. [1998]. In the
following, a convective event is deﬁned whenever one of the two criteria is met.
Finally, we attempt to quantify the inﬂuence of the wind ﬁelds on the dust emission ﬂuxes and compute a
Dust Uplift Potential (DUP) as proposed by Marsham et al. [2011]. DUP is proportional to the dust emission
ﬂux if the eﬀects of stability, soil moisture, and roughness variations are neglected:
)
)(
(
Ut2
Ut
3
1− 2 ,
DUP = U 1 +
(1)
U
U
where U is the 10 m surface wind speed and Ut the corresponding threshold at 10 m.
Accumulated DUP (hereafter DUP) is further computed by integrating instantaneous DUP over a whole year.

3. Evaluation of Reanalyses at Diﬀerent Timescales
3.1. Annual Cycle and Synoptic Timescale
According to observations (Figure 1a for Banizoumbou and Figure SC1 in Appendix SC for the other sites),
the surface wind speed over the Sahelian belt is lower during the dry season (November to February, day of
year 305 to 365 and 1 to 60), increases in spring (April, May, and June, day of year 60 to 182) until reaching its
maximum at the beginning of July (around day of year 182). Then, it slowly decreases during the monsoon
(May to September, day of year 121 to 273) and later to reach a late autumn minimum (around day of year
305). This annual cycle is consistent with the results of Lothon et al. [2008] and Guichard et al. [2009] and
follows the well-known Sahelian climatological alternance between the dry and northeasterly Harmattan
wind and the moist and southwesterly monsoon wind [Hastenrath et al., 1991; Thorncroft et al., 2011].
The three reanalyses display rather diﬀerent features of this annual cycle with mean annual biases of
0.27 m s−1 for ERA-Interim, 0.70 m s−1 for MERRA, and −0.62 m s−1 for NCEP-CFSR, with the estimated values
of surface roughness lengths. These mean annual biases involve much larger season-dependent biases that
are qualitatively shared by the three reanalyses.
During the monsoon season, observed high-frequency winds (Figure 1b) exhibit large day-to-day ﬂuctuations, and a few sporadic very high 10 m wind speeds related to the occurrence of convective events. The
three reanalyses are close to each other and follow the observed synoptic ﬂuctuations. However, they
systematically miss the high wind speeds associated with deep convection. This increase of the wind speed
due to convective events is still evident from the 3 h subsampled observations (yellow curve in Figure 1),
which points to the misrepresentation of convectively driven high wind speeds in the reanalyses, beyond
their too coarse time sampling. In the three reanalyses, the wind speed always tends to be lower than
observed (see SI Appendix SD and Figure SD1 for statistics). This highlights uncertainties in the processes
controlling wind speed that could involve the representation of the large-scale dynamics [Marsham et al.,
2011, 2013b] or the daytime boundary layer mixing in the reanalyses. NCEP-CFSR behaves worst and
largely underestimates wind speeds, which is consistent with previous studies [Menut, 2008; Koren and
Kaufman, 2004].
During the dry season, observations (Figure 1c) indicate a strong inﬂuence of the diurnal cycle on the 10 m
wind speed. It is very low during nighttime, sharply increases in the morning, and then slowly decreases
throughout the afternoon. In MERRA and ERA-Interim, the wind speed tends to be signiﬁcantly stronger
than observed (Figures 1a and 1c). This seasonal bias arises from a systematic overestimation of the
nighttime wind speed which is also shared by NCEP-CFSR, as discussed in section (3.2).
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Figure 1. Time series of the 10 m wind speed in 2006 at Banizoumbou. (a) Annual cycle of the 5 day running mean.
Vertical dashed lines indicate when the zoomed time series of Figures 1b and 1c are taken. Nine day time series in the
(b) monsoon and (c) dry seasons. Black: 5 min observations; red: ERA-Interim; blue: NCEP-CFSR; green: MERRA; yellow:
3-hourly sampling of a 15 min running mean of the observations. Orange: occurrence of MCSs. The grey shading in
Figure 1a shows the range of minimum and maximum observed values over 2006–2011.

The combination of these two season-dependent biases lead to an unrealistically ﬂat amplitude of the
annual cycle of the surface wind speed, in the three reanalyses. It is much too weak in NCEP-CFSR (2.37 m s−1
against 4.30 m s−1 for the observations on average over the four sites). MERRA and ERA-Interim present a
larger amplitude of the annual cycle, with a progressive decrease of the surface wind speed during the
monsoon, as observed, but still a too smooth annual cycle (with an annual amplitude of 4.10 and 3.48 m s−1 ,
respectively).
3.2. Diurnal Cycle
During the dry season, low-level dynamics are strongly controlled by boundary layer processes and nighttime surface wind speeds are very low at all sites (Figures 2c, 2f, 2i, and 2l), due to the atmospheric stability
that inhibits turbulence [Guichard et al., 2009; Bain et al., 2010]. In all reanalyses, nighttime 10 m wind speeds
are systematically overestimated (Figures 1c, 2c, 2f, 2i, and 2l), which accounts for the strong positive biases
in ERA-Interim and MERRA during the dry season (Figure 1a). MERRA wind speeds are so unrealistically high
during winter nights that the diurnal cycle is almost reversed (Figure 1c). NCEP-CFSR is characterized by an
unrealistically weak diurnal amplitude, which leads to a reasonable estimation of the diurnal-averaged wind
speed (Figure 1a) via two compensating errors: a too high wind speed at night and a too low wind speed
during the day. The nighttime overestimation of wind speed, found in all reanalyses, is consistent with an
overestimation of the turbulent diﬀusion in the nighttime dry stable surface layer. Nocturnal diﬀusion is
indeed artiﬁcially enhanced in models for practical considerations [Sandu et al., 2013]. This induces a too
strong mixing with the LLJ often present at a typical altitude of 300 m above the ground [Fiedler et al., 2013]
and therefore leads to an overestimation of the surface wind speed.
LARGERON ET AL.
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Figure 2. Monthly mean diurnal cycles of mean and extreme 10 m wind speeds at four sites for (a, d, g, and j) May,
(b, e, h, and k) August, and (c, f, i, and l) December 2006. Observational (𝛿t: 15 min running mean) mean (black) and
extremes (grey shading). ERA-Interim (red) mean (diamonds) and extremes (bars) and 3 h sampled observed (yellow)
mean (circles) and extremes (bars). Wind maxima associated with convective events are shown in orange in Figure 2k.

In winter and spring, the monthly averaged diurnal cycle (Figures 2a, 2d, 2g, 2j, 2c, 2f, 2i, and 2l) exhibits a
well-marked maximum of the wind in the morning (around 9 h) corresponding to the turbulent mixing of
the LLJ by boundary layer dry convection [Parker et al., 2005]. In the reanalyses, the morning increase of the
10 m wind speed is always weaker at all sites (see SI Appendix SE for MERRA and NCEP-CFSR). This suggests
an underestimation of the LLJ core wind speed, as noted by Fiedler et al. [2013] for ERA-Interim, and/or some
misrepresentation of the mixing rate.
Other sporadic wind maxima related with convective events occur, during the spring and monsoon months,
as illustrated by the minimum-maximum envelope (in Figure 2; this envelope is indicated by grey shading
and convection by the orange line). These extreme winds associated with convection are totally missing
in reanalyses.
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Figure 3. Normalized Taylor diagrams synthesizing normalized standard deviations (𝜎̃ rea ), correlation coeﬃcients, and
normalized root-mean-square deviations (nRMSD) of the 10 m wind speed from reanalyses compared to observations for
the 2006–2011 period. The observational references are shown with the black dots. Red: ERA-Interim; blue: NCEP-CFSR;
green: MERRA; circles: Banizoumbou; stars: Cinzana; crosses: Agoufou; squares: Bamba; for the daily mean wind speeds
during the (a) monsoon season (from May to September) and the (b) dry season (from November to February); (c and d)
same as Figures 3a and 3b but for the 3-hourly ﬂuctuations around the daily mean wind speed.

In reanalyses, whatever the season, the diurnal amplitude and the monthly variability tend to be underestimated. This mainly results from the underestimation of the daytime wind speed during the monsoon
season, and from the overestimation of the nighttime wind speed during the dry season.

4. Statistical Analysis and Dust Uplift Potential
4.1. Taylor Diagrams
A comparison of statistics is made on Taylor diagrams (Figure 3). During both seasons, synoptic and intraseasonal ﬂuctuations are captured by the three reanalyses. Correlation coeﬃcients between observed and
analyzed daily mean wind are higher than 0.5–0.6 (Figures 3a and 3b), but this is associated with a too low
standard deviation in ERA-Interim and NCEP-CFSR (underestimated by 13 to 54%). Mean biases of the daily
mean wind speed are signiﬁcant in the three reanalyses, up to 2 m s−1 in dry season and −2 m s−1 during
monsoon (see SI Appendix SD and Figure SD1 (right column)). The performance of the reanalyses drops
sharply at subdaily time scale (Figures 3c and 3d), leading to higher normalized root-mean-square deviations (nRMSD) and smaller correlation coeﬃcients. This means that the misrepresentation largely comes
from biases in the diurnal cycle.
Of the three reanalyses, ERA-Interim performs best in terms of timing (best correlation coeﬃcient) and
representation of the diurnal cycle. It also gives reasonable but slightly underestimated standard deviations.
MERRA gives good estimates of the standard deviation but displays a strong positive bias and a negative
correlation with observation at subdaily timescales in dry season. NCEP-CFSR has a reasonable correlation
with observation at synoptic timescale but much too weak variability and diurnal cycle amplitude.
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Figure 4. (top) Probability density functions (PDF) of 10 m wind speed in Banizoumbou during the monsoon season
(from May to September) of 2006: observations (black) and ERA-Interim (red); or during convective events only: observations (grey) and ERA-Interim (orange). (bottom) Accumulated Dust Uplift Potential DUP in Banizoumbou over the whole
year 2006 (red: ERA-Interim; black: observations). Grey shading: typical range of values of Ut . Inset: zoom over the wind
velocity range delimited by the dashed lines, with DUP in log scale.

4.2. Wind Speed Distribution
The 10 m wind speed PDF is computed for the whole monsoon period, during which most convective
events happen (cf. Figure 4 for Banizoumbou, SI Appendix SF for the other sites in 2006, and Appendix SG for
other years).
Compared to observations (black bars in Figure 4 (top)), the ERA-Interim PDF (red bars) is shifted toward
lower values and contains a signiﬁcantly smaller fraction of high wind speeds (with no value above 7 m s−1 ,
whereas observations show values up to 20 m s−1 ). This is worst if the comparison is restricted to convective events: the observed wind PDF grey bars then shows a higher fraction of wind between 7 m s−1
and 20 m s−1 than for the whole monsoon period. This highlights that the highest wind speed values are
mostly related to deep convection. On the opposite, in ERA-Interim, the PDFs for the whole monsoon and
during convective events only are very similar (red and orange bars, respectively); and the diﬀerences
between the observed PDF and the ERA-Interim PDF is signiﬁcantly increased during convective events. This
demonstrates that the frequency of high wind speed is signiﬁcantly underestimated and implies that deep
convective events are missing in ERA-Interim, consistently with Marsham et al. [2011].
4.3. Dust Uplift Potential
DUP (equation (1)) is computed over the whole year of 2006 as a function of the threshold velocity Ut
(Figure 4, bottom).
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The threshold Ut actually depends on local soil characteristics. A quantiﬁcation of the local roughness length
z0 (cf. section 2) and of the threshold Ut [Abdourhamane Toure et al., 2011; Pierre et al., 2014] for the observational site shows that Ut varies from 5.5 to 9.5 m s−1 , which is consistent with Cowie et al. [2014]. When using
a typical value of Ut = 7 m s−1 , the computation from ERA-Interim wind speeds leads to an underestimation
of the DUP by 2 orders of magnitude. For the lower value of Ut = 5.5 m s−1 , the DUP is underestimated by
a factor 10 relative to ERA-Interim. For Ut > 7.5 m s−1 , computation from ERA-Interim gives no DUP at all,
against signiﬁcant values from observations.

5. Conclusion
The present study provides, for the ﬁrst time, a systematic evaluation of several meteorological reanalyses
with high-frequency long-term observations. We used surface wind observations collected across the
Sahelian belt to investigate the ability of three reanalyses (ERA-Interim, MERRA, and NCEP-CFSR) to
reproduce observations.
Of the three reanalyses, ERA-Interim performs best in terms of representation of the annual and diurnal
cycles and synoptic and intraseasonal ﬂuctuations of surface wind speed. All reanalyses nevertheless miss
some key features of the climatology and of the mesoscale dynamics of the surface wind speed. Results from
all sites point to the same main issues:
1. The amplitude of the annual cycle is unrealistically ﬂat in all reanalyses, due to the combination of a
positive bias during the dry season and a negative bias during the monsoon season.
2. During the dry season, the amplitude of the diurnal cycle is highly underestimated, mainly because the
nighttime wind speed is systematically overestimated. This could be due to the artiﬁcially enhanced
turbulent diﬀusion in nighttime stable layers [Sandu et al., 2013]. In MERRA, the nighttime wind speed is
so unrealistically high that the diurnal cycle appears reversed.
3. During the spring and monsoon seasons, the amplitude of the diurnal cycle is underestimated, due to
the underestimation of the daytime wind speed, especially in the morning in spring, when the nocturnal
low-level jet is mixed downward by boundary layer convection, via the mechanisms discussed by Hourdin
et al. [2014] and Fiedler et al. [2013].
4. Reanalyses are missing major features of the mesoscale dynamics, and especially the increase of the
surface wind speed associated with deep convection. This phenomenon appears in all observational data
sets but is totally absent in the reanalyses, consistently with the ﬁndings of previous work on more limited
data [Knippertz et al., 2009; Marsham et al., 2011; Heinold et al., 2013].
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These two last points are responsible for large diﬀerences in the probability density functions of surface
wind speeds, especially at extreme values (> 7 m s−1 ), which is critical in terms of dust emissions. Indeed,
quantiﬁcations of the DUP [Marsham et al., 2011] show that the use of the ERA-Interim 10 m wind speed for
that purpose can lead to an underestimation of the DUP by 1 or 2 orders of magnitude.
Therefore, if one wants to use these reanalyses ﬁelds as forcing for dust emission models in the Sahel, it
appears crucial to ﬁrst apply a correction to the winds in order to take into account the eﬀect of convection
on wind-driven dust emissions. The magnitude of the LLJ should also be corrected since the wind associated
to this pattern often reaches the uplift threshold in the northern Sahel. Moreover, this study highlights some
processes that are missing in the atmospheric models used for meteorological reanalyses, and long-term
eﬀorts are and should be undertaken to improve the representation of the surface wind dynamics at
turbulent and mesoscales.
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