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Abstract
Previous studies have documented that surface wind speed (u) has been increasing over the ocean but
decreasing over land for the past several decades. The decreasing u at the surface over land has been
referred to as terrestrial stilling. A plausible hypothesis for terrestrial stilling is an increase in surface
roughness associatedwith changes in land surface (e.g. enhanced vegetation growth, landscape
fragmentation or urbanization). One of themost widespread land surface changes is enhanced
vegetation leaf area index (LAI) known as greening, particularly over themiddle to high latitudes of the
NorthernHemisphere where strong stilling is observed fromweather station data. In this study, we
examine the hypothesis that enhanced vegetation LAI is a key driver of global terrestrial stilling.We
first characterized the trend in u over the ocean using long-term satellite altimetermeasurements, and
the trend in u over land using continuouswind records from4305 in situmeteorological stations.We
then performed initial condition ensemble AtmosphericModel Intercomparison Project-type
simulations using two state-of-the-art Earth systemmodels (IPSL-CMandCESM) to isolate the
response of u to the historical increase in LAI (representing the greening) for the period 1982–2011.
Bothmodels, forcedwith observed sea surface temperature and sea ice andwith LAI from satellite
observation, captured the observed strengthening of Pacific tradewinds and SouthernOceanwesterly
winds.However, these simulations did not reproduce theweakening of surface winds over land as
significantly as it appears in the observations (−0.006m s−1 versus−0.198m s−1 during 1982–2011),
indicating that enhanced LAI (greening) is not a dominant driver for terrestrial stilling.

1. Introduction

Surface wind speed (u) is the kinetic energy of the
atmosphere that influences turbulent fluxes of water,
energy, and momentum between the atmosphere and
land or ocean surfaces. A change in u is an important
manifestation of climate change, in addition to temp-
erature and precipitation trends. While u over oceans
has been increasing during the past 30 years (Wentz
et al 2007, Young et al 2011, Zheng et al 2016), u
measured at in situ weather stations at 10 m above

ground has significantly decreased over land, particu-
larly in the middle to high latitudes of the Northern
Hemisphere (Vautard et al 2010, McVicar et al 2012b,
Wu et al 2018). This phenomenon has been referred to
as terrestrial stilling (Roderick et al 2007), and it has
important scientific, socioeconomic, and environmen-
tal implications for fields including, but not limited to,
agriculture and hydrology (McVicar et al 2012a),
wind energy (Pryor et al 2006), the insurance sector
(Sparks et al 1994), air pollution dispersion (McVicar
and Roderick 2010), dust storms (Cowie et al 2013,
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Fan et al 2014), extreme temperatures (Horton et al
2015) and wind-related hazards and catastrophes
(Kim and Paik 2015). For example, one of the most
direct impacts of stilling is on long-term wind power
industry that is rapidly developing and requires large
infrastructural investments. So far, the drivers and
physical mechanisms behind terrestrial stilling have
not been determined, and thus it is unclear whether
the observed stilling will continue (Vautard et al 2010,
Peterson et al 2011, McVicar et al 2012b, Wu et al
2018).

Decreasing u over land can be attributed to the
driving force (i.e. a change in large-scale atmospheric
circulation) and/or the drag force (i.e. an increase
in surface roughness associated with land surface
change). If the trend in u is mainly driven by changes
in the force term, the decrease in u should be obser-
vable over both land and ocean and should also be pre-
sent in climate reanalysis products (Pryor et al 2009,
Vautard et al 2010). However, satellite altimeter mea-
surements show a widespread increase of u over the
ocean (Wentz et al 2007, Young et al 2011). Neither
NCEP/NCAR nor ECMWF ERA-interim reanalysis
products produce any trend in u over land (McVicar
et al 2008, Pryor et al 2009, Vautard et al 2010). There-
fore, the terrestrial stilling was hypothesized to be due
to an increasing drag force on the atmosphere from
the land surface, rather than a decreasing driving force
(Vautard et al 2010).

One of the most widespread changes in the Earth’s
land cover is the enhanced vegetation growth during
the past several decades, which is observed from satel-
lites as the greening of the Earth (Zhu et al 2016). The
global vegetation leaf area index (LAI, as a proxy for
land greening) has enhanced by 8% during the past
30 years as indicated by satellite-observations (Zhu
et al 2013, 2016). The greening is particularly large
over middle to high latitudes in the Northern Hemi-
sphere (Myneni et al 1997, Xu et al 2013, Zhu et al
2016), where terrestrial stilling is observed (McVicar
et al 2008, 2012a, 2012b). Enhanced vegetation LAI is
associated with increased primary productivity and
biomass, including tree height. Depending upon
carbon allocation, an increment of net primary pro-
ductivity is redistributed among root, stem and trunk.
The latter will increase plant height and also surface
roughness, which can decrease u. Vautard et al (2010)
found a significant and negative spatial correlation
between increased vegetation greenness (spring-sum-
mer normalized difference vegetation index (NDVI)
trend) and stilling (u trend) across the stations in the
Northern Hemisphere. They hypothesized that the
cause of the terrestrial stilling could be an increase in
surface roughness associated with enhanced vegeta-
tion activity, but NDVI is not directly related to LAI,
and saturates with biomass. Further, NDVI can also
change from vegetation structural shifts like the devel-
opment of shrubs, as observed in dry regions and Arc-
tic tundra (Frost and Epstein 2014, Tape et al 2006).

More importantly, correlation does not imply causa-
tion. The correlation could be derived frommeasuring
a linear relationship due to factors that have nothing to
do with NDVI and u. The role of enhanced vegetation
growth (the greening of the Earth) in the terrestrial
stilling remains unknown. The objective of this study
is to test whether enhanced vegetation growth con-
tributed to the terrestrial stilling observed over the past
decades. This question is addressed by combining
in situ and satellite observations of winds together with
simulations of coupled land-atmospheremodels.

In this study, we first examine the extent and pat-
terns of changes in u during the period 1982–2011
using records from in situmeteorological stations over
land and long-term satellite-derived observations over
the ocean (Wentz et al 2007, Remote Sensing Sys-
tems 2015). We selected 4305 in situ stations that have
more than 20 years of wind records from 26 247
meteorological stations (Global Surface Summary of
the Day—GSOD). To isolate the wind response to
changes in LAI, we ran two state-of-the-art coupled
land-atmosphere models (the Community Earth Sys-
temModel, CESM (Hurrell et al 2013) and the Institut
Pierre Simon Laplace CoupledModel, IPSLCM (Marti
et al 2010)) forced with satellite-observed LAI over a
30 years period (1982–2011). Note that LAI controls
photosynthetic primary production, and is a key vari-
able impacting vegetation growth in all models. We
performed ensemble decadal Atmospheric Model
Intercomparison Project (AMIP)-type simulations to
make sure that the simulated climate is comparable
with the historical climate (He and Soden 2016). The
accuracy of the CESM and IPSLCM simulations in
reproducing the historical climate change and the bio-
physical climatic feedbacks was evaluated by Zeng et al
(2017, 2018a).

2.Methods

2.1.Observations
Satellite-derived observations of monthly average u
over the ocean were obtained from the RSS V7
DISCOVER microwave radiometer data set on a 1°
grid for the period 1988–2011 (Wentz et al 2007,
Remote Sensing Systems 2015). The satellite micro-
wave radiometer, including SSM/I F08 through F15,
SSMIS F16 and F17, WindSat, and AMSR2, are first
inter-calibrated at the brightness temperature level,
and are then used to construct the merged, 1° wind
speed data set using a consistent processingmethodol-
ogy for all sensors (Remote Sensing Systems 2015).
This data set has been carefully inter-calibrated and
consistently processed. The in situ measurements
of u (at 10 m height) over land were obtained from
the GSOD (ftp://ftp.ncdc.noaa.gov/pub/data/gsod).
This meteorological dataset is produced by National
Centers for Environmental Information (NCEI) and
includes 26 247 in situ stations based on the data
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exchanged under theWorldMeteorological Organiza-
tion World Weather Watch Program. NCEI elimi-
nated random errors in the original data, and
performed extensive automated quality control. For
this analysis, we only selected stations with more than
20 years of wind records during the period of
1982–2011. In determining whether a year of data is
available, monthly mean uwas calculated if more than
50% of the days in a month were available, and annual
mean uwas calculated only if all themonths in the year
were available. As a result, a total of 4305meteorologi-
cal stations over continents were selected.

Current climate models simulations are very
uncertain, particularly at regional scales, partly as a
result of sea surface temperature and sea ice (SST) bia-
ses in coupled ocean-atmosphere models (He and
Soden 2016). To improve the projections of anthro-
pogenic climate change, we performed simulations
with the land-atmosphere coupledmodels forced with
observed SST during the past several decades. We
obtained SST data for the period of 1982–2011 from
the AMIP (http://pcmdi.llnl.gov/projects/amip/).
This is a dataset grounded on observations and widely
used in the AMIP-type simulations. There are sig-
nificant increasing trends (significant level, p<0.05)
of SST over most of the ocean except for the tropical
Pacific Ocean and the Southern Ocean (figure S1(a) is
available online at stacks.iop.org/ERL/13/124013/
mmedia). Overall, global SST significantly increased
by 0.09 °C per decade during the study period
(p<0.01).

The greening of the Earth is represented by LAI
observations from satellites (Zhu et al 2016). Monthly
LAI was obtained from the advanced very high resolu-
tion radiometer 8 km global LAI product, which is
derived from the third generation GIMMS NDVI3g
from 1982 to 2011 (Zhu et al 2013). During the past 30
years, global land LAI has increased significantly by
8%, dominated by growth in the Amazon rainforest,
the Sahel, Eurasian boreal forests, Europe, India,
the eastern United States and southern China
(figure S1(b)).

2.2. Numerical experiments
We performed several simulations with an ensemble
of variable initial conditions using two state-of-the-art
ESMs: the IPSLCM (version 4) from the Institute
Pierre Simon Laplace at France (Marti et al 2010), and
the CESM (version 1.3) from the National Center for
Atmospheric Research at United Sates (Hurrell et al
2013). The horizontal spatial resolutions of IPSLCM
and CESM are 3.75°×2.5° and 1.875°×2.5°,
respectively, while the time step is 1.5 min. The
methodology follows Zeng et al (2017, 2018a), where
details of the simulation protocols can be found in the
methods section and the supplementary information.

We conducted two 30-year long AMIP-style
experiments (AMIP_STD and AMIP_LAI) with the

two models. Both experiments are constrained by
observed SST from 1982 to 2011. In addition, while
the LAI in AMIP_STD is forced with climatological
monthly values, AMIP_LAI uses observed monthly
LAI maps from 1982 to 2011. To reduce the uncer-
tainty due to initial conditions (Lorenz 1963, Daron
and Stainforth 2013), all experiments contain a large
ensemble with different initial conditions (n=30 for
both models). The initial conditions of all realizations
are identical, derived from a model output of an
unperturbed 60 years run. The ensemble average was
then used to characterize the response of u to pre-
scribed changes in SST and LAI.

Surface u at 10 m was extracted from the model
simulations. Similar to the reality, u is dependent upon
drive and drag forces in the models. The drive term is
pressure gradient force primarily owing to the simu-
lated heterogeneity of temperature. It drives u over
both the ocean and land surfaces. The drag term is
caused by surface roughness associated with land sur-
face characteristics. The drag term is negligible for u
over the ocean, but not over land. SST change drives
changes in climate (Kosaka and Xie 2013, He and
Soden 2016), causing warming gradient that changes
pressure gradient and u over land. LAI change has
effects on both force and drag terms. On one hand, it
triggers changes in land surface air temperature (Zeng
et al 2017). The LAI-induced cooling has hetero-
geneity and this will superimpose on the force term.

On the other hand, surface roughness, similar to
surface albedo, is computed from the simulated/pre-
scribed state of the vegetation. Generally, models use
LAI to represent vegetation growth and calculate pho-
tosynthetic primary production. Increased biomass is
redistributed to root, stem and trunk, and is further
used to calculate tree height. The simulated height of
trees is then used to compute surface roughness (Su
et al 2001), which influences the drag term. Below we
take the land surface model in IPSLCM (details see
Krinner et al 2005) as an example. As for photosynth-
esis at the canopy level, the assimilation rate (Ac) is
integratedwith LAI:

A A l ld , 1c n
0

LAI

ò= ( ) ( )

where l is the cumulative LAI, An is assimilation at the
leaf level. Thus enhanced LAI increases photosynthetic
primary production and carbon assimilation, which is
further allocated to the biomass in different compart-
ments (e.g. leaves, stems, roots, fruits) based on the
allocation scheme in themodel.

The simulated biomass in the wood (Bm) is further
used to calculate thewood’s diameter (D):

D
B

p 4
, 2m

1

p
1

2 2

p
=

+⎛
⎝⎜

⎞
⎠⎟ ( )

/

where π is the ratio of a circle’s circumference to its
diameter, p1 is a parameter relevant to pipe density
(40, dimensionless), p2 is a tune parameter relevant to
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pipe (0.5, dimensionless). The equation for D and the
behind parameters are developed based on the pipe
model theory (Shinozaki et al 1964). D is further used
to calculate vegetation height (H):

H p D , 3p
3

2= ( )

where p3 is a tune parameter relevant to pipe (0.3,
dimensionless).

Finally, the surface roughness length (z0) is calcu-
lated based on the simulated vegetation height and
vegetation fractions:

whereHPFT is vegetation height for each PFT, z _0 oh is
a parameter to get z0 from height of canopy (0.0625,
dimensionless), z _0 bare is bare soil roughness length
(0.01 m), z _0 nobio is roughness length for other non-
vegetation surface types (e.g. ice, lake, ocean; nobio is
the number of the types) (0.001 m), FPFT is vegetation
fraction for each PFT, Fbare is fraction for bare ground,
Fnobio is fraction for each non-vegetation surface types.

3. Results and discussion

3.1. Trend in observed u over land
Over land, mean annual u across all selected stations
(4305 sites) significantly declined by on average
−0.07 m s−1 per decade, or 5.8% during 1982–2011
(p<0.01; figures 1(a), (b)). Interestingly, mean
annual global u was relatively stable during the 1980s
and then steadily decreased during the following two
decades. Spatially, as shown in figure 1(a), most of the
stations with decreasing uwere located in the northern
mid-latitudes, including North America (599 of 941
stations, 64%), Europe (843 of 1283 stations, 66%),
Central Asia (307 of 398 stations, 77%), Eastern Asia
(364 of 606 stations, 60%) and India (44 of 55 stations,
80%). On average, the decreasing rates over these
regions are −0.07 m s−1 per decade (North America,
figure 1(c)), −0.06 m s−1 per decade (Europe,
figure 1(d)), −0.18 m s−1 per decade (Central Asia,
figure 1(e)), −0.03 m s−1 per decade (Eastern
Asia, figure 1(f)) and −0.20 m s−1 per decade (India,
figure 1(g)). In North America and Europe, decreasing
u primarily occurred during the last two decades
(figures 1(c) and (d)). In Central Asia and India, the
rapid decrease of u occurred during the first two
decades and the decreasing rate slowed down during
the last decade (figures 1(e) and (g)). Meanwhile, in
Eastern Asia, mean annual u increased during the first
two decades, and then decreased during 2002–2011
(figure 1(f)). The widespread decreasing u at the

surface over the northern mid-latitudes during the
past 30 years is documented in several studies (e.g.
Vautard et al 2010, McVicar et al 2012b). There are
fewer stations in other regions, in particular the tropics
and the Southern Hemisphere (figure 1(a)). It is thus
difficult to conclude the wind speed change over these
regions.

Overall, the trends in u for the four seasons follow
similar patterns with those inmean annual u (figures 2
and S2). During the past three decades, mean u aver-
aged over all weather stations significantly declined by

−0.070 m s−1 per decade (p<0.01) inMAM (March,
April, andMay), 0.047 m s−1 per decade (p<0.01) in
JJA (June, July, and August), 0.073 m s−1 per decade
(p<0.01) in SON (September, October, and Novem-
ber), and 0.077 m s−1 per decade (p<0.01) in
DJF (December, January, and February), respectiv
ely. The rapidest decline in u occurred during SON in
North America (0.090 m s−1 per decade, p<0.01;
figure 2(b3)), during DJF in Europe (0.107 m s−1 per
decade, p<0.01; figure 2(c4)), during DJF in Central
Asia (0.227 m s−1 per decade, p<0.01; figure 2(d4)),
during JJA and SON in Eastern Asia (0.050 m s−1 per
decade, p<0.01; figures 2(e2) and (e3)), and during
JJA in India (0.172 m s−1 per decade, p<0.01;
figure 2(f2)). The reasonwhy the declines of u inNorth
America, Europe and Eastern Asia are much weaker
than that in Central Asia and India is that there are
more stations with positive trends in u in these regions
(figure S2). For example, many stations surrounding
the Mediterranean show positive trends in u during
the period 1982–2011 (figure S2), making a relative
weak trend in u averaged over Europe (figure 2). Dur-
ing JJA, the trend in u averaged over Europe is even
non-significant (p=0.56,figure 2(c2)).

3.2.Modelled response of u over ocean and land to
SST changes
To isolate the climate response of u to the greening of
the Earth, we ran the CESM and IPSLCM models
forced with observed SST and variable/climatological
LAI. We first tested the ability of the models to
represent the response of u to SST-driven climate
change. Note that simulated climate change driven by
SST change compares well with the historical spatial-
temporal variations in precipitation, temperature and
evapotranspiration, as shown in Zeng et al (2018a,
figures S3–5 in the paper). The DISCOVER satellite-
retrieved u field over oceans during the past decades
(Wentz et al 2007) is used to evaluate u trends.
According to the DISCOVER observations, there is a

z

F

F z F z H z
F zexp

1

ln _ ln max _ , _
ln _ , 40

nobio
nobio

bare 0 bare
PFT

PFT 0 oh PFT 0 bare nobio
nobio 0 nobio

å

å å=
-

+
+

⎛

⎝
⎜⎜⎜

⎞
⎠⎟( ) ( ( ))

( ) ( )
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widespread negative trend in u over the Western
Pacific and theNorthern Atlantic (figure S3(a)). This is
in line with previous studies that documented a
decreasing u along with weakening circulation under

global warming (Held and Soden 2006, Vecchi and
Soden 2007). However, strongly positive trends in u are
observed over the Central Pacific and for the Southern
Ocean westerly winds (figure S3(a)). Averaged over

Figure 1.Trends in observedmean annual u over land. (a)Pattern of linear trend in u over land for 1982–2011 from in situ
anemometers. (b)–(g)Time series of regionalmean annual u from the observations. (b)Global land; (c)NorthAmerica (35°–75° N
and 170°–50° WfollowingVautard et al (2010)); (d)Europe (35°–75° Nand 20°W–40°E); (e)Central Asia (35°–75° Nand 40°–100°
E); (f)EasternAsia (35°–75° Nand 100°–160°E); (g) India (0°–30° Nand 65°–90°E). Hereafter, all linear trendswere calculated by
robust regression (Rousseeuw and Leroy 2005) to reduce the impact of extrememean annual u. Inset robustfit lines and numbers
show trend of regional uduring the study period. Dotting indicates a significant trend (p<0.05).
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all the oceans, there is no significant trend in annual u
during the period 1988–2011 (figure S3(b)). However,
Central Pacific trade winds significantly increased at a
rate of 0.41 m s−1 per decade, while the Southern
Ocean westerly winds increased by 0.22 m s−1 per
decade. Both trends mainly occur during 1992–2011
(p<0.05; figures S3(c), (d)). It has been reported that
the increasing wind over this region has a profound
effect on global climate, as it is suspected to be the cause
of the recent warming hiatus (Kosaka and Xie 2013,
England et al 2014).

The simulations showed that SST-forced u is gen-
erally decreasing in regions where SST are increasing,
and increasing in the regions where SST are decreasing
(figures 3(a), (d)). Spatially, SST increased over the
entire ocean with the exception of the Eastern Pacific
and Southern Ocean (figure S1(a)). Significant
decreasing u is found over the western Pacific Ocean,
the Indian Ocean, the Equatorial Atlantic and the
Western North Atlantic, where SST have warmed dur-
ing the past decades (figures 3(a), (d)). In contrast, SST

over the Eastern Pacific and Southern Ocean has been
decreasing. Both models simulate increasing u over
these regions. Interestingly, although the warming rate
is much greater than the cooling rate (figure S1(a)), the
strengthening of u where SST decreased is much
stronger than the weakening of u where SST increased
(figures 3(a), (d)). Comparing modelled u with satel-
lite-observed u, the pattern of the trends of u over the
ocean are well reproduced by the models, particularly
the strengthening of the Pacific trade winds
(figures 3(b), (e)) and Southern Ocean westerly
winds (figures 3(c), (f)). For the Pacific trade winds
(figures 3(b), (e)), the modelled regional trend of u is
0.32±0.04 m s−1 per decade for the period of
1982–2011 (0.30±0.04 m s−1 per decade for
1988–2011), which is similar to the observed trend
(0.41 m s−1 per decade for 1988–2011). Moreover, the
interannual variation of modelled u is significantly
correlated with observed u (correlation coefficient,
R=0.92 and 0.95 for IPSLCM and CESM, all with
p<0.01, figures 3(b), (e)). In addition, both models

Figure 2.Time series of observation-based regional u for the four seasons: (1) boreal spring (MAM;March, April andMay), (2) boreal
summer (JJA; June, July andAugust), (3) boreal autumn (SON; September, October andNovember), and (4) boreal winter (DJF;
December, January and February). (a1)–(a4)Global land; (b1)–(b4)NorthAmerica; (c1)–(c4)Europe; (d1)–(d4)Central Asia;
(e1)–(e4)EasternAsia; (f1)–(f4) India. Inset robustfit lines andnumbers show trend of regional u during the study period.
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similarly reproduced the interannual variation in
satellite-observed Southern Ocean westerly winds and
their trends (figures 3(c), (f)). The satellite observa-
tions of u over the oceans are only available from 1988
onwards. The simulated long time series (figure 3)
clearly shows that there are anomalies in the Pacific
trade winds during 1982–1996. The strengthening of
Pacific trade winds began in 1997, corresponding to
the ongoingwarming hiatus.

Combined with previous findings that the tropical
Pacific cooling is a result of the unprecedented
strengthening in Pacific trade winds (England et al
2014) and the results from this study that SST trends
explain the strengthening in Pacific trade winds, we
hypothesize the existence of a strong positive coupling
between SST and Pacific trade winds. The positive
feedback indicates that the climate system is sensitive
to initial conditions (Lorenz 1963) over this region
(approximately Nino 3.4 region): the strengthening in
Pacific trade winds cools the ocean SST in the eastern
Pacific and pushes the warm pool to the west, which
reinforces Pacific trade winds and further cools the
ocean SST in the eastern Pacific; globally, the cooling
over this region feeds back to the global climate system
and has led to the recent ongoing warming hiatus
(Kosaka andXie 2013).

If, like that of the change in u over the oceans, the
change in u over land is driven by the global circula-
tion change, the historical observations of u change
over land should be reproduced by the SST-driven
model simulations as well. However, in both model
simulations (IPSLCM and CESM, static LAI simula-
tions), themagnitude of the SST-forced u trend for the

last 30 years is an order of magnitude smaller than the
observed (negative) u trend over land (figures 4(a), (b)
versus figure 1(a)). While the sign of SST-forced u
trend is consistent with the observed u trend over Eur-
asia and India (negative trend), it is opposite to the
observed u trend over North America (widespread
positive trend; figures 4(a), (b) versus figure 1(a)).
Similar results are found in the NCEP/NCAR and
the ECMWF ERA-interim reanalysis products: the
observed u trends over ocean have been well captured,
while that over the northern mid-latitudes was not
(figures S4–5) (Kalma et al 2008, Pryor et al 2009, Vau-
tard et al 2010). According to these model results, the
SST-driven circulation change seems not a determi-
nant for the global terrestrial stilling. We note, how-
ever, more details about the model uncertainty should
be investigated in future.

3.3.Modelled response of u over land to the greening
of the Earth
Next, we tested the hypothesis that increase of LAI
contributed to the stilling. If this hypothesis is valid,
forcing the models with the observed LAI change in
addition to SST should reproduce the in situ observed
surface u change over land. However, even though the
models are constrained by both observed LAI and SST,
there are substantial discrepancies between themodel-
led trend in u (figures 4(c), (d)) and the observed trend
in u over land (figure 1(a)). We isolated the contrib-
ution of LAI trends to u change over land from the
difference (Δ) between ensemble simulations with
observed LAI change (AMIP_LAI) and climatological

Figure 3.Response of u to SST change over ocean.Modelled trends of u over ocean for 1982–2011 from the initial-condition ensemble
average of AMIP_STD simulations by IPSLCM (a)–(c) andCESM (d)–(f). (a), (d)Patterns of linear trend in u from themodels.
Dotting indicates a significant trend (p<0.05). (b), (e)Temporal variations of the simulated and satellite-observed Pacific trade
winds. (c), (f)Temporal variations of the simulated and satellite-observed SouthernOceanwesterly winds. Observed u is the wind
retrieved fromRSSV7DISCOVERmicrowave radiometer. The red line is the robust regression of simulated u against time. Inset
numbers show the correlation between the simulated and satellite-observed u (green) and the trend of simulated u (red).
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LAI (AMIP_STD) (figures 4(e), (f)). Globally, LAID
induces u changes that are significantly negatively
correlated to interannual variation of LAI for
1982–2011 in both IPSLCM (R=−0.47, p<0.01;
figure 5(a1)) and CESM (R=−0.53, p<0.01;
figure 5(b1)), indicating that LAID induced a decreas-
ing trend in global surface land u of −0.006 m s−1

during the period. This LAI explained stilling trend
(−0.006 m s−1) is an order of magnitude smaller
than the observed trend from in situ observations
(−0.198 m s−1,figure 1(b)).

As described in the Method (2.2), the greening of
the Earth impacts on u over land through two
mechanisms: (1) it triggers temperature heterogeneity
and induces changes in pressure gradients; (2) it
increases surface roughness length (z0) and the drag
force, which slows down u over land. To estimate the
LAI-induced change in z0, we extracted the modelled
z0 from two equilibrium simulations (Zeng et al
2018a) which are two 60-year long simulations that
share the same setup but are forced by different seaso-
nal LAI maps (the 1980s: the average observed from

1982 to 1986 versus the 2010s: the average observed
from 2007 to 2011). While the relative change of LAI is
8% between the 1980s and 2010s, the modelled rela-
tive change in z0 is only 1.3%, changing from 0.2569 in
the 1980s to 0.2601 in the 2010s. Assuming an
unchanged pressure gradient, the change in z0 leads to
0.35% decrease of surface wind speed at 10 m height
(Kelly and Jørgensen 2017), which is −0.013 m s−1

during 1982–2011. It is still an order of magnitude
smaller than the observed trend from in situ observa-
tions (−0.198 m s−1,figure 1(b)).

Spatially, as shown in figures 4(e)–(f), modelled
significant decreasing u occurs in the regions where
LAI is significantly increasing (figure S1(b)), including
Europe, Central Asia, India, Southern China, Eastern
United States and Southern Australia. There is no
robust signal of themodelled response of u to greening
in North America (−0.003 m s−1 per decade in
IPSLCM and 0.012 m s−1 per decade in CESM;
figures 5(b1), (b2)). In Europe, CESM produces a sig-
nificant decrease of regional u as a response to LAID at
a rate of −0.018 m s−1 per decade (p<0.01,

Figure 4.Response of u to SST change over land (a), (b), to SST and LAI changes (c), (d), and to LAI change (e), (f). (a), (b), Response of
u to SST change is estimated by themodelled trends in u over land for 1982–2011 from the initial-condition ensemble average of
AMIP_STD simulations by IPSLCM (a) andCESM (b). (c), (d), Response of u to SST and LAI changes is estimated by themodelled
trends in u over land for 1982–2011 from the initial-condition ensemble average of AMIP_LAI simulations by IPSLCM (c) andCESM
(d). (e), (f), Response of u to SST and LAI changes is estimated by themodelled trends in u over land for 1982–2011 from the initial-
condition ensemble average of AMIP_LAI—AMIP_STD simulations by IPSLCM (e) andCESM (f). The response is calculated as a
difference between the trends in AMIP_LAI andAMIP_STD.Dotting indicates a significant trend (p<0.05). Note that the colour
axis scaling is only 20%of that for the observed u trend as shown infigure 1(a).
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Figure 5.Time series of regionalmean annual u from theAMIP_LAI-AMIP_STD simulations by (1) IPSLCMand (2)CESM.
(a)Global land; (b)NorthAmerica; (c)Europe; (d)Central Asia; (e)EasternAsia; (f) India. The green line is the satellite-derivedmean
annual LAI over the regions. The red line is the robust regression of the simulated u against time. Inset numbers show the correlation
between the simulated u and LAI (green) and the trend of simulated u (red).
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figure 5(c2)), which is 28% of the observed stilling in
this region (figure 1(d)). In Central Asia, both IPSLCM
and CESM produced a decrease in regional u as a
response to LAID (−0.007 m s−1 per decade; only 4%
of the observed stilling in the region). In East Asia,
there is no significant LAI driven trend in u in the
simulations of both models (p>0.05; figures 5(e1),
(e2)). In India, IPSLCM produced a significant
decrease in regional u as a response of LAI,D but the
rate is only 3%of the observed decrease in the region.

Therefore, the simulations indicate that the
modelled responses of u to the greening remain orders
of magnitude smaller than the observed u trends over
land. It rejected the hypothesis that the greening of the
Earth is a driver of the global terrestrial stilling. Model
simulations depends strongly on how roughness is
parameterized as a function of LAI in land surface
models and how good is their aerodynamic coupling
with the atmosphere. Given the large uncertainties
behind the parameterization and the processes in the
model, we examined thismodel results withmore ana-
lyses directly based on the observations (see next
section).

3.4.More evidence based on the coherence between
the observed changes inu and LAI
The spatial coherence between satellite greenness
(NDVI) and stilling over the middle to high latitudes
in the Northern Hemisphere is a reason why we
hypothesized that the greening is a determinant of the
terrestrial stilling (also see Vautard et al 2010).
Temporally, we did find a significant correlation
between mean annual u and LAI averaged over the
boreal Northern Hemisphere (north 30°) for the
period 1982–2011 (R=−0.53, p<0.01). But this is
an apparent correlation as it becomes non-significant
when both time series are detrended (R=0.15,
p=0.44). Furthermore, the correlation coefficients
between detrended regional averaged u and LAI over
all the individual regions with sufficient in situ stations
are not significant (all with p>0.05; e.g. North
America, p=0.86; Europe, p=0.54; Central Asia,
p=0.20; East Asia, p=0.62; and India, p=0.95).
Even for the long-term trend, the northern mid-high
latitudes have been greening from 1981 to 1999
(Myneni et al 1997), yet during this period, mean
annual u did not decrease over North America
(figure 1(c)) and Europe (figure 1(d)), both with
p-value higher than 0.05. In East Asia, while the region-
average LAI significantly increased for 1982–1999
(p<0.05; figure S1(b)), the region-average u is
increased rather than decreased during the same period
(0.035m s−1 per decade, p=0.06;figure 1(f)).

Furthermore, the coherence between LAI and u
trends does not exist everywhere if we examine it at a
finer scale. For example, vegetation surrounding the
Mediterranean is greening but u observed by many
stations in this region is increasing during the past

decades (figures S1(b) and 1(a)). In southern China
and Japan, vegetation is greening but u is also increas-
ing. Vegetation is browning (LAI decrease) in southern
Alaska, central Canada and northern Russia, yet u in
these regions is decreasing rather than increasing
(figures S1(b) and 1(a)). In addition, if the surface stil-
ling was mainly caused by the greening, the stilling
should be larger in the growing season over deciduous
forests. However, the observed decline of u in DJF
(boreal winter) is 64% more than the decline in JJA
(boreal summer). The rapidest decline in u occurred in
Central Asia during boreal winter where and when
widespread browning rather than greening is domi-
nated (figures 2(d4), S6(d)). This decreasing rate
(−0.227 m s−1 per decade, p<0.01) is much more
than that in any other region and during any other sea-
sons. Although widespread greening has occurred
over Europe during the boreal summer (JJA; figure
S6(b)), there is no significant trend in u averaged over
Europe during this season (p=0.56,figure 2(c2)).

Lastly, if the terrestrial stilling is mainly caused by
an increase in surface roughness associated with the
local vegetation change, there should be a significant
correlation between the u observed by in situ station
and LAI surrounding the station for the past decades
(1982–2011). However, we found no significant corre-
lation between the detrended mean annual u and the
detrended average LAI surrounding each station
(0.5°×0.5°) at the majority of the stations (3842/
4305, 89%; figure 6). These results support the simula-
tion results that the greening is not a dominant driver
of the terrestrial stilling during the past decades.

3.5. Caveat and future studies to attribute the
terrestrial stilling
Models are imperfect, resulting in uncertainties in
model simulations. As for the LAI-induced change in
driving force, models are required to accurately
simulate the responses of evapotranspiration and
albedo, so that changes in air temperature and air
pressure gradient can be reproduced by the models.
However, because of systematic error in evapotran-
spiration partitioning, the CESM model failed to
represent the response of evapotranspiration to the
greening (Zeng et al 2017), and thus the simulated u
change is uncertain. As for the LAI-induced change in
drag force, models are supposed to correctly simulate
the response of plant height to LAI change via
vegetation grow models, and also the response of
surface roughness to plant height change based on
boundary theories. Yet, we cannot evaluate the
responses of plant height and surface roughness to LAI
change owing to the lack of global observations of
plant height change and surface roughness. Regional
long term measurements of plant height and surface
roughness will be useful to evaluate the roughness
parameterization in the model, and to reduce the
uncertainty in attributing the terrestrial stilling to
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changes in surface land cover. Last, while the uncer-
tainties exist in the model simulations, the results are
supported by several evidence based on the coherence
analyses between the observed changes in u and LAI
(see the section 3.3).

Another caveat is that the large scale deforestation
(e.g. Southeast Asia during 2000–2014 (Zeng et al
2018b)) has not been considered in this study. Large-
scale deforestation may intensify rather than weaken
u, as it leads to a decrease of surface roughness. How-
ever, surface roughness could increase due to the
deforestation induced forest fragmentation (Taubert
et al 2018), and thus deforestation may also weaken u
depending on its spatial pattern. Current high-resolu-
tion satellite observations of land cover changemake it
possible to detect historical change in forest fragmen-
tation (e.g. Taubert et al 2018; Zeng et al 2018c). Yet,
the current model horizontal resolution may be not
fine enough to characterize the heterogeneous nature
of the landscape (e.g. regional deforestation and forest
fragmentation). In addition, fluffy cumulus clouds
may act like anchors to create drag and slow the winds.
But they are too small to register on the resolution for
current climate models (Nuijens et al 2018). Future
study using higher-resolution models could resolve
the issue whether finer characterizations of land sur-
face and/or clouds is an important element of the
wind stilling.

4. Conclusion

We evaluated the global trend in u with 4305 in situ
meteorological observations over land for the period

1982–2011, and the long-term satellite altimeter
measurements over ocean for the period 1988–2011.
The results presented here are consistentwith previous
results of a widespread negative trend in u over land,
particularly the northern mid-latitudes, and a pro-
found positive trend in u over Central Pacific Ocean
and Southern Ocean. To isolate the response of u to
the greening of the Earth for 1982–2011,we performed
ensemble decadal AMIP-type simulations by prescrib-
ing the observed LAI and SST in two state-of-the-art
ESMs (IPSL-CM and CESM). The SST-driven global
circulation change can fully explain the observed
change in u over the ocean, specifically the strengthen-
ing of Pacific tradewinds and SouthernOceanwesterly
winds, proving the ability of the models to represent
the response of u to climate change. The simulations
showed that SST-driven global circulation change can
partly explain the stilling over the Eurasia, but not
North America. As for the u response to greening,
regionally, the greening in Europe can explain 28% of
the observed decrease in u over the region. However,
globally, increasing LAI during the last 30 years (+8%)
can only explain in the two models formulations to a
decrease of terrestrial u by −0.006 m s−1, an order of
magnitude smaller than the observed trend from
in situ stations (−0.198 m s−1). Therefore, the simula-
tions by both models reject the hypothesis that the
greening of the Earth is a key driver of the global
terrestrial stilling. This conclusion is also supported by
the incoherency between the observed changes in u
and LAI (regional, temporal and seasonal variations).
As one of the drastic land use changes surrounding all
in situ stations, urbanization plays a vital role in
shaping the landscape on the Earth. The decrease of

Figure 6.Correlation coefficient between the detrendedmean annual u and the detrended average LAI surrounding the station
(0.5°×0.5°) for each station during 1982–2011. Red is positive, and blue negative relationship.Hollowpoint indicates non-
significant (p>0.05), and solid point significant (p<0.05).
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near-surface wind speed is likely to be closely asso-
ciated with the changing surface aerodynamic char-
acteristics due to urbanization near the stations at
regional scale (e.g. Zha et al 2017, Liu et al 2018).
Future studies should be dedicated to exploring the
connection of urbanization with the global wind
stilling. A prerequisite is a high-resolution, temporal-
consistent data product that can accurately capture
the spatial and temporal patterns of urbanization over
the globe.
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