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Northern Hemisphere atmospheric stilling partly

attributed to an increase in surface roughness

Robert Vautard1*, Julien Cattiaux1, Pascal Yiou1, Jean-Noël Thépaut2 and Philippe Ciais1

Surface winds have declined in China, the Netherlands, the
Czech Republic, the United States and Australia over the
past few decades1–4. The precise cause of the stilling is
uncertain. Here, we analyse the extent and potential cause of
changes in surfacewind speeds over the northernmid-latitudes
between 1979 and 2008, using data from 822 surface weather
stations. We show that surface wind speeds have declined
by 5–15% over almost all continental areas in the northern
mid-latitudes, and that strong winds have slowed faster than
weak winds. In contrast, upper-air winds calculated from sea-
level pressure gradients, and winds from weather reanalyses,
exhibited no such trend. Changes in atmospheric circulation
that are captured by reanalysis data explain 10–50% of
the surface wind slowdown. In addition, mesoscale model
simulations suggest that an increase in surface roughness—the
magnitude of which is estimated from increases in biomass
and land-use change in Eurasia—could explain between 25 and
60% of the stilling. Moreover, regions of pronounced stilling
generally coincided with regions where biomass has increased
over the past 30 years, supporting the role of vegetation
increases in wind slowdown.

The decline of surface wind observed in many regions of
the world is a potential concern for wind power electricity
production5, and has been shown to be themain cause of decreasing
pan evaporation6–8. In China, a persistent decrease of monsoon
winds was observed in all seasons3,9. Stilling winds were also
evidenced over the Netherlands2, in the Czech Republic10, over
the conterminous US (refs 1,11) and most of Australia4. In
Mediterranean regions, wind trends were non-monotonic over
the past decades12. At high latitudes, the surface winds were
found to increase13,14.

Such surface wind trends can be due to (1) changes in mean
circulation15,16 and/or to the decrease of synoptic weather system
intensity, both as a consequence of climate change, (2) changes
in near-surface wind due to increasing surface roughness in the
near field of each station2,4,11 and/or in boundary layer structure,
and/or (3) instrumental or observational drifts17,18. Over China,
wind decline was attributed to a north–south warming gradient in
winter, and to sunlight dimming caused by air pollution lingering
over central areas3,9 in summer. No clear explanation was given for
the wind decline in other studied regions of interest.

The attribution of the stilling drivers requires a global investi-
gation of available surface and upper-air wind data, which has not
been conducted so far. Here we use global data sets of in situ wind
measurements (see the Methods section and Supplementary Infor-
mation). A set of 822 worldwide surface stations with continuous
wind records was selected after careful elimination of stations with
obvious breaks and large gaps. This data set covers most of the
northernmid-latitudes over the 1979–2008 period.
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We found that annualmeanwind speeds have declined at 73%of
surface stations over the past 30 years (Fig. 1a). In Europe, Central
Asia, Eastern Asia and in North America (Fig. 1a) the annual mean
surface wind speed has decreased on average at a rate of − 0.09,
−0.16, −0.12 and −0.07m s−1 decade−1, respectively (−2.9, −5.9,
−4.2 and −1.8%per decade), that is, a decrease of about 10%
in 30 years and up to almost 20% in Central Asia, where wind
speed trends have not been studied so far. These numbers are all
statistically significant (p < 0.1% for the regression coefficient).
Tropical areas are not well covered by the data set. However the
wind decline over South Asia is also about −5%per decade, and
−0.08m s−1 per decade.

Zonal means of wind trends exhibit a rather homogeneous
behaviour across latitudes, in the range of −0.06 to −0.11 to
m s−1 decade−1. A higher frequency of positive trends is found
only over the ∼15 northern polar latitude stations. A few wind
series starting earlier (after 1959) further indicate that stilling
actually started at least as early as in the 1960s (Supplementary Fig.
S1). Negative trends were also found in mid to high percentiles
of the wind speed distribution (see Supplementary Table S1),
as well as in the frequency of observations above fixed mid to
high thresholds (5–15m s−1, see Fig. 2). Trend results are robust
to changes in the station selection method and parameters (see
Supplementary Table S1).

If we assume that the primary cause of the surface wind stilling is
a slowdown in atmospheric general circulation and/or a weakening
in synoptic weather activity, then a stilling trend should also
show up (1) in the reanalyses of three-dimensional wind fields
of the National Centers for Environmental Prediction/National
Center of Atmospheric Research (NCEP/NCAR) and European
Center for Medium-range Weather Forecast (ECMWF)—because
observations of upper-air winds are used in the reanalysis procedure
and there is a high connectivity between winds at 10m and
at 850 hPa, see Supplementary Fig. S2, (2) in upper-air wind
observations from rawinsonde and (3) in geostrophic winds
deduced from pressure gradients.

NCEP/NCAR reanalysis19 does not exhibit any trend in surface
(10m) winds over land (Fig. 1b), as found in previous studies2,4,11.
The recent ECMWF ERA-interim reanalysis20 exhibits negative
trends with magnitudes between 10% (for North America) and
50% (for Europe) of the observed ones over the past two decades,
with quite different spatial patterns (Fig. 1c, Supplementary
Fig. S1 and Table S1). Over Australia similar weak trends
(−0.02m s−1 decade−1) were obtained by ERA-interim as by ERA40
in a previous study4. In contrast the inter-annual variability
of surface winds is fairly well reproduced in both reanalyses
(Supplementary Figs S2 and S3). This indicates that part of the
wind trend changes, captured in the ERA-interim reanalyses,
is due to large-scale circulation changes, but the reanalysis
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Figure 1 |Observed and reanalysis surface wind speed trends. a, 30-year surface (1979–2008) wind speed linear trend calculated over all of the available

observations and each of the selected stations, in m s−1 per decade. The specific regions studied in this Letter are shown by rectangles delimiting the areas

over which statistics are calculated. b, NCEP/NCAR reanalyses trends calculated using mean daily 10m wind speed values available over a grid of 193×47

grid points over the Northern Hemisphere (data available at http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.html). c, The same as in b for

ERA-interim reanalyses trends calculated over the past 20 years alone. The area boundaries for the four regions of focus are: Europe 20◦ W–40◦ E,

30◦–75N, 276 stations; Central Asia 40◦–100◦ E, 30◦–75◦ N, 96 stations; Eastern Asia 100◦–160◦ E, 30◦–75◦ N, 190 stations; North America, 170◦–50◦ W,

30◦–75◦ N, 170 stations. The South Asia area quoted in the main text covers 40◦–160◦ E, 0◦–30◦ N, 40 stations.

models/procedures have deficiencies and/or missing key processes
that prevent the surface wind trends from being fully resolved2,4,11.
Land-use changes, not taken into account in reanalyses, are
potential candidates of such processes.

Upper-air (850 hPa and above) wind speed observations from
rawinsonde data do not either exhibit such a systematic wind
decline pattern (Fig. 3), and even show large regions with increasing
trends (Western Europe, North America). At nearly collocated sites,

winds normalized by their grand mean have trends with much
higher amplitudes at the surface than above (Fig. 3c). However,
regionally coherent negative trends are found over Eastern Asia
at 850 hPa, where surface trends could be linked with upper-air
trends, as a result of regional monsoon decline due to climate
change and air pollution3. However, reanalyses over China do not
exhibit trends, which remains unexplained and points towards
uncertainties in models.
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Figure 2 |Wind speed distribution evolution. a–d, Evolution, as a function of year, of the annual frequency of wind exceeding a given threshold (various

curves, see legend), for each of the four regions identified in Fig. 1: Europe (a), Central Asia (b), Eastern Asia (c), North America (d). The numbers take into

account all stations in the domains together, as well as all hours and seasons. The linear regression trend coefficients, respectively for the frequency (in

%per decade) of winds stronger than 1, 3, 5, 7, 9, 11, 13 and 15m s−1 are: Europe: 0,−1,−5,−7,−11,−12,−11,−12; Central Asia:

0,−6,−13,−18,−23,−24,−22,−23; Eastern Asia: 2,−4,−10,−15,−19,−23,−30,−37; Northern America: −1,−2,−4,−5,−3,−3,−3,−11.

Geostrophic winds estimated from observed sea-level pressure
gradients also show a negligible stilling trend2,8 (Supplementary
Fig. S3). However, their interannual variations are consistent with
observed surface winds. These findings suggest that large-scale wind
changes should not be the dominant drivers of observed surface
wind decline.

Despite our stringent station selection procedure of rejecting
stations with large data gaps and obvious breaks (see the Methods
section and Supplementary Information), some time series may
still exhibit heterogeneities, which could explain a widespread
wind stilling trend only if they would be coherent over all
regions, which is unlikely. Systematical instrumental drifts, such
as anemometer performance degradation, especially for near-calm
winds, have been suggested17, but anemometers were replaced
over the past decades (O. Mestre and S. Jourdain, Météo-France,
personal communication), and trends are more pronounced for
stronger winds. A systematic change of observation systems
or round-off procedures18 also could have introduced artificial
trends. However, at most stations the decreasing wind trend was
gradual throughout the past 30 years, as shown for instance in
Fig. 4a for the Central Asian stations with wind trends in the
lowest tercile of the data. It is therefore unlikely that generalized
instrumental heterogeneities and observational procedures explain
the systematic trends.

These findings suggest that changes in surface processes
could play a major role in the surface wind stilling. Surface
winds are sensitive to changes in (1) surface roughness and

(2) sensible heat fluxes modifying vertical momentum fluxes
through boundary layer convection. Wind trends do not exhibit
strong diurnal variations (see Supplementary Table S1), suggesting
that roughness changes should dominate over sensible heat flux
changes as a cause of stilling.

Increase of surface roughness can be associated with factors
such as urbanization, growth of forests, changes in trees and forest
distribution or changes in agricultural practices. To estimate the
sensitivity of surface wind to roughness changes, we carried out
sensitivity simulations with the MM5 model21. Starting from a
control simulation (with standard roughness height z0c), changes
in roughness height z0 (from a factor 1 to 2) have been applied in
the model surface boundary conditions during a single year (2007)
over an area covering Eastern Europe and Central Asia, where
the negative wind trends are most pronounced. When averaged
over the area considered (Supplementary Fig. S4), the 10m wind
speed decrease δU between an enhanced roughness simulation and
a control simulation fits the relation δU = −a ln(z0/z0c), where
a = 0.48m s−1 when surface roughness is uniformly changed and
a = 0.37m s−1 when only grassland roughness is changed and
the effect is averaged over grassland areas (as defined by MM5
land-cover data). Thus, about a doubling of roughness height would
lead to a decrease of 10m wind by 0.26–0.33m s−1, which is in the
range of observed wind decreases over the past three decades (see
Supplementary Table S1). Over Central Asia, where trends are most
pronounced, a tripling of the roughness height would be required
to fully reach observed stilling, which seems fairly unrealistic.
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Figure 3 |Upper-air wind speed trends. a, Trends of the 850 hPa wind measured by rawinsonde data, over stations having at least half of the yearly data

over more than 15 years during the two-decade period between 1979 and 2008, in m s−1 per decade. b, Mean vertical profile of wind speed trend obtained

from monthly averaged rawinsonde measurements (850 hPa and above) and closest surface site, averaged over all sites in each region of Fig. 1a. c, The

same as in b for wind speed trends normalized by mean wind speed at each site. Surface values are arbitrarily set to 1,015 hPa pressure in the profile.

An average increase of about 1.1%per year of forest carbon sink
at mid to high latitudes of the Northern Hemisphere band has
been deduced from two-decade-long remote-sensed normalized
difference vegetation index (NDVI) data22. Over Russia, estimates
of the yearly carbon sink to carbon pool ratio vary between 1.2
and 1.3%. Using a theory developed to link tree properties and
roughness23,24, applied to areas with only sparse roughness elements
(which is generally the case for anemometer neighbourhoods), the
roughness height should scale as z0 ∼ hλ1.33, where h is the height
and λ is the frontal area index of roughness elements. Assuming
an isotropic development of the volume V of roughness elements
and their constant density per area, h scales as V 1/3 and λ scales as
V 2/3, implying that z0 scales as V

1.22. Conversely, assuming only an
increase in the density of roughness elements without any change
in their volume, the increase of z0 should scale as the increase of
V . From this scaling one can deduce that the increase of biomass
over Russia would have induced, over 30 years, an increase of
roughness height of 36–50%, explaining 25–40% of the observed
wind stilling. This is also supported by the cropland abandonment
in southwestern Russia25. The contribution of biomass growth to
wind stilling should be higher in other areas such as Europe or
China, where forest growth reaches 1.5%per year (refs 26,27). In
such cases, the induced wind decline could reach between 40% and
60% of the observed one over the past three decades.

Several studies based on the NDVI showed a widespread
increase of vegetation in many northern areas28. Using the Global
Inventory Modelling and Mapping Studies (GIMMS) database29,
obtained from the Advanced Very High Resolution Radiometer
(AVHRR) remote-sensed observations over 1982–2006, we found
that 62% of wind sites witnessed a positive spring–summer NDVI
trend (Fig. 4b). Moreover, the negative wind trend has a median
amplitude about three times larger over sites with a NDVI trend in
the upper 10% than over sites in the lower 10% of its distribution
(Fig. 4c). This also supports the influence of vegetation increase
on surface winds, but a quantitative relationship between NDVI
and roughness is difficult to establish. Note also that the declining
wind trends are found across the entire day (Supplementary Table
S1), suggesting that dynamic roughness changes dominate over
sensible heat flux changes.

Therefore, atmospheric circulation changes captured by the
ERA-interim reanalysis explain between 10 and 50% of wind
stilling in the northern mid-latitudes, and our analysis suggests
that 25–60% could be due to a roughness increase due to
vegetation. Urbanization may be an extra roughness increase
factor, although recent observations do not directly support
this mechanism8. However, even a gross estimate of roughness
increase due to urbanization could not be found. To formally
attribute the causes of declining winds, a sensitivity analysis
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Figure 4 | Surface wind trends and their relationship with NDVI trends. a, Time evolution of annual average surface wind speed for each of the stations

with the trend in the lower tercile of the wind trend distribution over the Central Asia area. Each curve corresponds to a station. The mean trend is

−0.31m s−1 decade−1. b, Spring–Summer (April–September) trends (in decade−1), of the average over a 24×24 km area around the surface wind stations

of the NDVI (as obtained from the GIMMS AVHRR product). c, Median surface wind trends over the stations of each decile of the NDVI trend distribution,

together with the corresponding wind trend distribution (20–40% and 60–80% in yellow, 40–60% in red), versus the median of each decile of NDVI

trends. The regression line for the median (y= −0.104–2.65x) is shown.

using a model of surface wind speeds driven by all potential
variables is required.

An important question is whether wind power energy produc-
tion is likely to be affected by wind stilling in the future. Over the
past 30 years surface winds underwent an average 10% decrease,
with larger trends at stronger winds (Fig. 2). As wind electricity
production ismuchmore efficient at stronger winds, a continuation
of such trends would lead to amajor loss of wind power production.
However, wind power is not taken at the surface but between
50 and 100m, where trends should be weaker according to our
three-dimensional analysis. In any case, the strong influence of
land-cover change on wind speed trends is good news because
land use can much more easily be controlled locally than the
large-scale circulation.

Methods
Surface winds. Observation data sets come from the Research Data Archive, which
is maintained by the Computational and Information Systems Laboratory at NCAR
(sponsored by the National Science Foundation). The original data were taken
from the Research Data Archive (http://dss.ucar.edu).

Surface winds are obtained from two global data sets of this archive, gathering
hourly or three-hourly meteorological information on several parameters including
wind speed and direction from anemometers. The first data set (DS463.2) covers

the period 1901–2003. The second data set (DS461.0) covers the period 2000–2008.
Both contain hourly or three-hourly reports from about 10,000 observation sites
worldwide. The database includes data originating from various sources such as
synoptic, airways, Meteorological Routine Weather Report and Supplementary
Marine Reporting Station. A full description of the data sets can be found on
the websites http://dss.ucar.edu/datasets/ds463.2/docs/td9956.200301.pdf and
http://dss.ucar.edu/datasets/ds461.0/docs/. In particular, care was taken to correct
some heterogeneities induced by changes in wind speed units in this data set (see
related documentation on this latter website).

A stringent objective procedure is applied here to remove stations with gaps
or heterogeneities in the data, as described in the Supplementary Information,
leaving a subset of 822 worldwide stations, most of which are located in the
Northern Hemisphere.

Upper-air winds from rawinsondes. We used the rawinsonde monthly averages
of wind gathered in the Integrated Global Radiosonde Archive30 (IGRA). These
data were available for comparison with surface data over the three-decade period
from 1979 to 2008, and we used values taken at standard levels of 850 hPa, 700 hPa,
500 hPa and 200 hPa. A site selection procedure is also applied as for surface data,
see Supplementary Information. IGRA also includes surface wind speed taken near
the site. However, we did not use these data because the pairing would have led to
less complete profiles than if using the NCAR surface wind data and a criterion of
300 km for distance. We however checked that the IGRA surface wind speed had
similar trends to the NCAR data.

NCEP/NCAR and ERA-interim reanalyses. Reanalyses issued at
NCEP/NCAR are used, and made available at a 2.5×2.5◦ resolution on the
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http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.html website. Only
the 4×daily data set of wind at 10m is used, for the Northern Hemisphere over
the period 1979–2008. The new ECMWF ERA-interim20 is a global atmospheric
reanalysis covering the period from 1989 until real time. The production
of ERA-interim began in summer 2006. Increased computer power enabled
several enhancements of ERA-interim over ERA-40. In particular, ERA-interim
uses a model version that was operational for weather forecast in the autumn
of 2006, with improved model physics. It also uses a 12-h 4D-VAR data
assimilation system, a horizontal resolution of ∼80 km, a more extensive use
and better treatment of satellite radiances, a better formulation of background
error constraints and a new humidity analysis. The long-term homogeneity
has improved substantially over that of ERA-40. The reader is referred to
http://www.ecmwf.int/research/era/do/get/index for a description of reanalysis
activities and products at ECMWF.

NDVI from AVHRR. NDVI data from the GIMMS database29, obtained from
the AVHRR remote-sensed observations, were used. These data cover the 25-year
period 1982–2006 and were carefully calibrated. They were originally provided
on a 8 km×8 km grid, but averages over available NDVI data over the nine cells
surrounding the station were used for plotting Fig. 4b,c. We then calculated linear
trends from six-month NDVI averages (April–September).
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