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ABSTRACT

During 1973–2014, a reduction trend in the observed surface wind speed (10m) in the Northern Hemi-

sphere lands has been widely reported; this reduction is referred to as ‘‘global stilling.’’ The primary de-

termining factors of global stilling include atmospheric circulation, turbulent friction, and surface friction

when ignoring the vertical influencing factors. Most of the existing studies on the attribution of global stilling

do not take changing surface friction into account. In addition, there are other changes in the climate system,

such as aerosol loading, which could have an impact on atmospheric circulation, but are not included in the

majority of current models either. Here, we developed a novel approach based on modeled winds calculated

from sea level pressure observations and applied the method to approximately 4000 weather stations in the

Northern Hemisphere lands from 1973 to 2014 to attribute the stilling in the three factors. In our methods, we

neglected the vertical influencing factors on surface wind speed but took the aerosols’ changes on atmospheric

circulation and gradual urbanization effect on surface wind speed into account. We found that atmospheric

circulation has dictated the monthly variation in surface wind speed during the past four decades. However,

the increased surface friction dominates the long-term declining trend of wind stilling. Our studies had un-

certainties while neglecting the influence of vertical factors on surface wind stilling, despite most of the ex-

isting studies showing their effect was minor compared to the three factors explored in our study.

1. Introduction

Many studies have shown that the observed surface

wind speed (OWS) has substantially reduced in China

(Fu et al. 2011;Guo et al. 2011; Lin et al. 2013;M.Xu et al.

2006), Canada (Wan et al. 2010), theUnited States (Pryor

et al. 2009), Australia (McVicar et al. 2008; Troccoli et al.

2012), and Europe (Achberger et al. 2006; Dumitrescu

et al. 2015; Earl et al. 2013; Azorin-Molina et al. 2016);

this reduction is known as the ‘‘global stilling’’ phenom-

enon (Roderick et al. 2007; Wu et al. 2018a; Hartfield

et al. 2018).

Previous studies have explored global stilling from

atmospheric circulation and surface roughness change

perspectives through model simulations/reanalysis data

(Vautard et al. 2010). There are a few studies that take

surface friction changes into account. One such ex-

ample (Jacobson and Ten Hoeve 2012) shows that

global urbanization (all infrastructure worldwide) could

cause a slight decrease in OWS, based on 20-yr tran-

sient climate model simulations. However, most of
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the existing climate models do not include the impact of

changing surface friction caused by processes such as

gradual urbanization. Although reanalysis data are

widely used in climate change research (Brönnimann

et al. 2018; Kalnay and Cai 2003; Wang et al. 2015; L. M.

Zhou et al. 2004; C. Zhou et al. 2017), these data only

include monthly climatology of aerosols and do not al-

low aerosols to change annually (Wang et al. 2015). Thus

they cannot reflect the effect of increasing atmospheric

aerosol loading on atmospheric circulation (Jacobson

and Kaufman 2006; Jacobson 2014; Wang et al. 2009).

Because the surface wind speed is impacted by various

atmospheric circulations, studies using an atmospheric

circulation index (Azorin-Molina et al. 2014) to study

the effects of stilling are only suitable at the local scale.

Wind is generated by pressure gradients and modified

by friction and the Coriolis force due to Earth’s rotation

(Markowski and Richardson 2010). The frictional force

can be separated into a surface friction force (due to the

damping effect of surface roughness) and the turbulent

friction force (due to turbulent dissipation within the

boundary layer) (Wu et al. 2018a). Surface friction always

reduces the OWS, while turbulent friction redistributes

momentum to reduce the wind speed gradient among

different levels. Surfacewind speed usually increases with

height. At the same time, turbulent friction, which relates

to atmospheric stability, brings more momentum from

higher levels to lower levels, reduces high-level winds,

and increases low-level winds.

Frictional forces have important roles on OWS vari-

ations; however, there have been no quantitative anal-

ysis of two types of friction forces that influence OWS

in the Northern Hemisphere lands to our knowledge.

Here, we developed a novel approach based onmodeled

wind speed (MWS) calculated from sea level pressure

(SLP) observations, which permits us first to calculate

MWS at approximately 4000 weather stations in the

Northern Hemisphere from 1973 to 2014 to attribute the

stilling. Observations (Li et al. 2011) and theoretical

analysis (Fan et al. 2005) show that surface friction force

has a stronger influence on strong winds than that on

weak winds when air flows across a similar underlying

surface, and surface friction force is the product of a

friction coefficient (determined by the surface rough-

ness) and OWS.

In our study, we focused on the effect of surface fric-

tion force on the OWS caused by a surface roughness

change, so we introduced a constant friction coefficient

when calculating the MWS (Wu et al. 2016). In this way,

surface friction force differences between OWS and

MWS are determined by friction coefficient differences

(i.e., surface roughness changes) only. Because the

friction coefficient is set constant, observed SLP is

the only input variable in calculating MWS besides

the Coriolis factor, which depends on latitude. MWS is

supposed to reflect the changes of atmospheric circula-

tion. Since SLP is also influenced by anthropogenic ac-

tivities such as greenhouse gases and aerosols emissions

(Gillett et al. 2003), the use of observed SLP included

the aerosols’ effect on atmospheric circulation. The

MWS is the wind speed under the balance among the

pressure gradient force, Coriolis force, and surface

friction. The difference between the OWS and MWS

reflect the influence of turbulent friction force and sur-

face friction force caused by surface roughness changes

on the OWS, which makes it possible to evaluate con-

tributions of atmospheric circulation and friction forces

to OWS decline in the Northern Hemisphere lands.

2. Datasets

The daily surface wind speed in China was collected at

2419 meteorological stations from 1973 to 2014 by the

China Meteorological Administration (CMA), and the

wind speed data were recorded at a standard height of

10m. The data via the CMA were strictly quality con-

trolled, including checks for climatological, station, and

regional outliers and for internal, temporal, and spatial

consistencies. In areas outside of China, we used daily

data recorded fromGlobal Surface Summary of the Day

(GSOD) distributed by the National Climatic Data

Center (NCDC), and the data underwent an extensive

automated quality control by the Air Weather Service.

Data from more than 9000 stations are typically

available across the world, and most stations’ records

began in 1973. In the trend analysis, we selected ap-

proximately 4000 stations in Northern Hemisphere

lands according to the following criteria: 1) less than

20% missing data and 2) correlation coefficients be-

tween MWS and OWS that passed the t test at the 95%

significance level. To eliminate statistical errors on re-

gional studies caused by uneven distribution of stations,

we divided all the stations into 38 3 38 grids first, and
then used the area-weighted averaging method for sta-

tistical analysis (Zhou and Wang 2017).

Similar to the surface wind speed, the daily surface

pressure data in China were from 2419 stations of the

CMA, and other areas outside of China were from the

GSOD stations. Since many GSOD surface pressure

data were missing; we added surface pressure data from

the Integrated Surface Pressure Databank (ISPD),

version 2 (v2), data released by the University Corpo-

ration for Atmospheric Research (UCAR) and the

National Center for Atmospheric Research (NCAR) at

the same sites to increase the consistency of the data.

The ISPD contains the largest collection of pressure
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observations at weather stations in the world (Cram

et al. 2015).

Furthermore, the homogeneity of the surface pressure

data is very important for our subsequent calculation of

the MWS. Therefore, we used the penalized maximal f

(PMF) test of the RHtestV4 package to homogenize the

daily surface pressure first (Wang 2008). Then we con-

verted the surface pressure of the studied station into the

SLP to calculate the MWS. There can be large errors

when converting the surface air pressure into SLP for

high-altitude stations, thus we removed these station

with help of the t test mentioned above. That way we

only included relatively low-altitude regions to reduce

errors caused by surface pressure converted to SLP as

far as possible.

In this study, we estimated the two types of frictions by

subdividing the OWS and MWS into sunny and cloudy

days following the method proposed by Wu et al.

(2018a). The determination of sunny and cloudy days

was mainly based on the amount of clouds. If the cloud

cover was greater than 80% on a given day, it was con-

sidered cloudy, and if the cloud cover was less than 20%,

it was considered sunny. The cloud data in China derive

from the CMA, while those from outside of China are

from Integrated Surface Data Lite (ISD-Lite), which

records hourly data that were converted into daily

averages.

To examine relationship between OWS and land

greening, we used leaf area index (LAI) from theGlobal

Land Surface Satellite (GLASS) dataset. The GLASS

data were derived from the AVHRR, MODIS, and

Carbon Cycle and Change in Land Observational

Products from an Ensemble of Satellites (CYCLOPES)

reflectance and LAI products using general regression

neural networks (Xiao et al. 2014). The GLASS LAI

provides global LAI data at 8-day temporal resolution

and 1- or 5-km spatial resolution from 1982 to the

present, and has been demonstrated to have high cred-

ibility in reflecting global LAI changes (Jiang et al. 2017;

Xiao et al. 2016). We used the 5-km dataset from 1982 to

2014. For each of the stations chosen, the LAI in the

growing season (April–October) from the nearest grid

cell is assigned.

3. Methodology

a. Calculating the MWS

According to dynamic meteorology, the surface wind

speed is calculated as follows:

2
=p

r
1F1 f 5 0, (1)

f 5 f
t
1 f

s
, (2)

f
s
5 kV , (3)

where =p denotes pressure gradient, r represents den-

sity of air, F represents the Coriolis force, f represents

frictional force consisting of ft (turbulent friction force)

and fs (surface friction force), k represents the friction

coefficient, and V represents the surface wind speed.

The MWS is the wind speed under the balance of the

pressure gradient force, Coriolis force, and surface

friction force,

2
=p

r
1F1 f

s
. (4)

In the calculation, we regarded p as a function of

location,

p5 ax1 by1 c , (5)

where x and y are longitudes and latitudes of locations,

respectively; a and b are pressure gradient in longitudi-

nal and latitudinal directions, respectively; c is the con-

stant term. Therefore, we need the air pressure values

from at least three stations around the studied stations to

derive the MWS. More details about the calculation of

the pressure gradient force can be seen in previous

studies (Wu et al. 2016; Wang et al. 2009).

A pressure triangle based on the distribution of the

stations is needed to calculate the pressure gradient

force (Wan et al. 2010; Minola et al. 2016; Wang et al.

2009). If any one of the three stations has large errors in

the observed SLP, large errors in estimated pressure

gradient and associated wind will occur. If any of these

three stations have a missing data on a certain day, no

MWS can be estimated on that day. More importantly,

this method is only reliable under the condition of a

steady flow field.

To ensure a reasonable accuracy of the pressure gra-

dient estimation, we selected the stations within 38 for
each studied station. This is justified by the fact the

horizontal range of cold fronts usually extends from 80

to 300 km (Carlson 1991). The local SLP changes with

the invasion of the air mass; therefore, stations within 38
show changes in the air pressure system, which are

presented in the calculated MWS. At the same time, we

used observed SLP and constant friction coefficient in

calculating MWS, the surface friction differences in

OWS, and MWS reflect surface roughness changes

caused by actual friction coefficient and constant friction

coefficient differences, which reflect gradual urbaniza-

tion around studied stations, while this could not be

accomplished via model simulations or reanalysis data.
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To ensure accuracy of our estimates, we required that

there were at least 10 stations around the studied station,

otherwise, the station was discarded.

Second, we chose the stations selected at the first step by

taking the studied station as the center to build pressure

triangles, which can make up many pressure triangles. To

reduce the number of calculations, if the combinations of

these surrounding stations exceed 1000, we chose 1000

combinations randomly to calculate theMWS. Otherwise,

we chose the combinations of all stations.

Finally, we chose the values of the 10th percentiles of

these values as the MWS of the studied station (we de-

tected 50th percentiles every 5th quartile from the 5th

percentiles, and the reason for selecting 10th percentiles

will be presented in the next section). In our new

method, we set up air pressure tracking triangles. In this

way we cannot only eliminate the shortage of SLP data

at the individual stations or the shortcomings in the large

errors of the SLP data, but also build pressure triangles

properly according to the weather system, by not only

using fixed pressure triangles to calculate the pressure

gradient. Thus, our approach can be applied to a global

scale well.

b. Verifying MWS

Accurate and reasonable MWS is very important for

our research, therefore, we evaluated the MWS as fol-

lows. We first focused our research on 2419 stations in

China. In section 3a, we mentioned that the selection of

the 10th percentiles from approximately 1000 studied

station combinations as the studied station’s MWS.

Here, we show why choosing the 10th percentiles is the

best choice.

Figure 1 is a schematic diagram of two simple flow

fields. The actual pressure fields are very complicated.

However, in the idealized calculation, we can hypothe-

size that the flow field is simply divided into a constant

field and a changing field at the regional scale. If the

station we studied is in a constant pressure flow field,

then formula 5 is established. That is, the pressure is

a linear function of location regardless of using fixed

stations or arbitrarily choosing station combinations

(Figs. 1a,c), they all meet the above relationship (similar

to the examples shownwith black triangles in Fig. 1a and

the black, pink, and green triangles in Fig. 1c). If there

are no errors in the observed surface pressure, it is ac-

curate to take the studied station as the center and use

fixed or surrounding station combinations to calculate

the MWS.

In reality, pressure field changes, and the change in

the pressure field are associated with various weather

phenomena. Thus, a few days later, the pressure field at

the studied station may be turned into that in Fig. 1b. As

shown in Fig. 1b, a turning point can be seen in the

change in the air pressure field. In this case, the linear

relationship between the pressure field and the location

can be divided into two general segments, which are

represented by the vertical purple line on the left and

right sides. In this case, it is problematic to use the three

fixed stations in Fig. 1b or choose a combination of three

stations around the studied station at random, as shown

in Fig. 1d. The pressure field and location satisfy a linear

equation to the left of the vertical purple line, while the

other linear equation is satisfied to the right. In this case,

only the combinations of stations to the left of the ver-

tical purple line (black and pink triangles in Fig. 1d)

meet the linear relationship between the pressure field

and location of the studied station. Therefore, in the

changing field, the use of fixed triangles or all sur-

rounding station combinations is not applied to calculate

the MWS.

FIG. 1. Schematic diagram of the pressure gradient force cal-

culation in two typical flow fields between the (a),(b) previous

study and (c),(d) new method. (a) Previous calculation method in

the constant flow field. (b) Previous calculation method in the

changing flow field. (c),(d) As in (a) and (b), but for the improved

method in this study. The light blue line represents isobars, the

red ‘‘L’’ represents the low pressure center, the blue ‘‘H’’ rep-

resents the high pressure center, the yellow arrow represents the

direction of the wind, the pentagram represents the studied sta-

tion, the circle represents the distance within 38 around the

studied station, and the black dots represent the surrounding

stations. The black lines in (a) and (b) represent the use of fixed

triangles around the studied stations to calculate the pressure

gradient force. The black, pink, and green lines in (c) and

(d) show a simple example of the three different combinations of

triangles used in this study.
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If one uses a fixed triangle around the studied station

and does not take pressure fields changes into account,

the situation is unrealistic. Therefore, we proposed an

improved method that uses percentiles of the studied

station combinations, and we determined 5th–50th

percentiles of approximately 1000 triangle combina-

tions. Figure 2 shows the results of the MWS using the

5th–50th percentiles. The correlation coefficients be-

tweenMWS andOWSwas calculated by their daily time

series annually from 1973 to 2014 and the median of

correlation coefficients of the 42-yr coefficient co-

efficients was reported here, which demonstrated the

capability of the MWS in reflecting daily variability of

surface wind speed.

From Fig. 2a, we can see that the correlation co-

efficients for small percentiles are higher than those for

the higher percentiles. Figure 2b shows that the MWS

coefficient of variation is lower than that of the OWS,

which shows that the MWS is relatively stable, which is

easy to understand. The modeled winds describe the

steady flow of air, while the surface winds are subject to

impact of surface roughness changes. There are no large

differences among the small percentiles. However, the

MWS should be higher than the surface wind speed as a

whole. Using the 5th percentiles at some stations results

in an MWS that is less than the OWS. Therefore, we

finally adopted the 10th percentiles of these calculated

values for the combinations as the studied stationMWS.

To validate the stability of the new method, we cal-

culated the MWS by using station combinations within

18–38 around the studied station. In this way, the derived

modeled wind can be considered free of the influence of

small-scale weather systems due to the choice of the

distances among the stations used for calculating MWS.

The results shown in Fig. 3 are similar to those in Fig. 2

because the method of using percentiles of the sur-

rounding studied station combinations within 38 is sim-

ilar to the Monte Carlo simulation, and the calculated

MWS is steady because the influence of small-scale

weather systems should have been filtered out. In what

follows, the MWS using station combinations within 38
around the studied station was calculated directly.

The correlation coefficients between the MWS and

OWS are shown in Fig. 4. The correlation coefficients

between the MWS and OWS reached 0.7–0.8 and was

higher in the plain areas but decreased at high altitudes

and over complex terrains. This is because the OWS

variations over complex terrains more complicated than

MWS and we will discuss in section 5.

c. Separating friction force into surface and turbulent
friction force

Because the friction coefficient was set to be constant

when calculating theMWS, the impact of friction force on

the OWS can be obtained by OWS-MWS. To divide the

friction force into a surface friction force and turbulent

friction force, we follow the method of a previous study

(Wu et al. 2018b). It was assumed that sunny days are

conducive to convection compared to cloudy days. The

turbulence friction on sunny days includes both thermal

FIG. 2. The results of the MWS using the 5th–50th percentiles of

the surrounding studied station combinations within 38. (a) Correla-
tion coefficient between the OWS and MWS calculated by their

corresponding percentiles in China. (b) Coefficient of the variation

ratio between the MWS and OWS in China. The gray shaded area

indicates the final percentile selected.

FIG. 3. As in Fig. 2, but for the surrounding studied station com-

binations within 18–38.
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and mechanical turbulence, while it mainly includes me-

chanical turbulence induced by the vertical shear of the

horizontal wind at different heights on overcast days.

Actually, the OWS differences between overcast days

and sunny days are about 0.2–0.3ms21. If we neglect the

weak mechanical turbulent mixing differences between

two types of days, the difference between the OWS on

sunny and overcast days reflect the combined effect of

pressure gradient force and turbulent friction force.

The MWS reflects the change in surface-level pres-

sure; therefore, the difference in the MWS between

sunny days and cloudy days (DMWS) reflects the pres-

sure gradient force differences in the MWS between the

two weather conditions. At the same time, the surface

friction can generally be regarded as the same given that

the OWS difference under the two weather conditions

can be ignored. Therefore, the differences between the

OWS on sunny and overcast days (DOWS) include not

only the difference in the pressure gradient force, but

also the effect of turbulent friction. Therefore, the in-

fluence of turbulent friction on the OWS can be ob-

tained byDOWS2DMWS, and the surface friction force

caused by surface roughness change on the OWS can be

obtained by (OWS 2 MWS) 2 (DOWS 2 DMWS). In

this way we isolated the influences of the two types of

frictional force on the OWS.

4. Results

a. Surface wind speed variations in the Northern
Hemisphere lands

Figure 5 shows the trends of the OWS and MWS from

1973 to 2014. The OWS showed a substantial reduction in

most parts of the Northern Hemisphere (Fig. 5a), with a

significant decreasing trendof20.3 to20.2ms21 decade21.

However, the MWS did not show a significant de-

creasing trend. In fact, it increased slightly in Europe

and a small part of eastern Asia. The reanalysis data

such asNCEP–NCARdid not show a significant trend in

the NorthernHemisphere between 1979 and 2008 either

(Vautard et al. 2010). Because the existing reanalysis

ignores the impact of surface roughness changes due to

their lack of interannual variability in land cover and

land use, the reanalysis reflects most of the changes in

the OWS as a result of atmospheric circulation vari-

ability. The MWS is a result of the pressure field, which

directly describes surface wind speed variations under

the influence of atmospheric circulation. Therefore, the

near-zero trend of the MWS in Fig. 5 can be taken as

confirmation for the results based on the reanalysis data.

However, it should be noted that reanalysis data have

deficiencies in describing of other changing conditions in

the atmosphere, such as atmospheric aerosol loading,

whichmay lead to a trend in the surface wind speed in the

reanalysis that is slightly different from that in the MWS.

b. Frictional influence on surface wind speed

To show regional differences in friction, we divided

the studied stations into three areas: North America

(258–508N, 958–608W), Europe (358–708N, 158W–408E),
and eastern Asia (208–488N, 1108–1508E). The influence

of surface friction on the OWS increased in east Asia,

most of Europe and North America during 1973–2014

(Fig. 6a). However, the increasing trends in the last two

areas are much lower than that in east Asia. The impact

of turbulent friction on the OWS decreased in the

Northern Hemisphere excluding a small part of North

America (Fig. 6b).

FIG. 4. The distribution of the annual median correlation coefficients between theMWS and

OWS. We calculate the annual MWS and OWS correlation coefficients from 1973 to 2014 and

then draw the distribution of the median correlation coefficients of the 42-yr dataset for each

station.
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Regarding linear trends in the OWS as a function of

the linear trends of the two types of friction influences

on the OWS, the surface friction has a close linear re-

lationship with the trend in OWS (Fig. 7a). The decrease

in OWS is associated with surface friction increases

because surface friction always has a damping effect on

the OWS. Compared to surface friction, the influence of

turbulent friction on the OWS is more complex and

related to momentum exchange within the planetary

boundary layer. Therefore, it does not have a linear

relationship with the OWS change (Fig. 7b).

The annual time series of the two types of frictional force

effects on theOWS in the three regions are shown in Fig. 8.

The surface friction force shows a decreasing trend in all

three regions (Fig. 8a): the impacts of the surface friction

force on OWS in eastern Asian, North America and

Europe are 20.19, 20.13, and 20.07m s21 decade21,

respectively.

Figure 9 shows the annual time series of the OWS and

MWS, which shows that the difference between the

OWS and MWS has become increasingly obvious since

the 1990s (Fig. 9c). Satellite observations have indicated

significant land greening in the northern extratropical

latitudes since the early 1980s (Mao et al. 2016; Myneni

et al. 1997; Zhu et al. 2016), which might be one of the

reasons for the increase in surface friction force and

decrease in OWS over the Northern Hemisphere lands.

The effect of turbulent friction on the OWS shows a

slight increasing trend in Europe and eastern Asia, but it

does not show an obvious trend in North America

(Fig. 8b).

To quantify relationship between land greening and

OWS reduction, we examined the relationship between

global long-term satellite LAI records in growing season

(from April to October) with OWS (also in growing

seasons). Figure 10 shows the OWS trends and their

relationship with LAI trends. It was found that 83% of

stations witnessed a positive LAI trend in growing sea-

sons, the LAI trend in North America, Europe, and

eastern Asia are 0.04, 0.06, and 0.03m2m22 decade21,

respectively. Also, there is a significant negative corre-

lation between the increasing trend of LAI and the de-

creasing trend of OWS, and the regression line for the

median OWS trend versus LAI trend is y 5 20.26 2
0.33x (coefficient of determination R2 5 0.41, Fig. 10b),

which supports the view that land greening reduce sur-

face winds. However, a quantitative relationship be-

tween LAI and surface roughness is difficult to establish.

It is worth mentioning that unlike temperature or

other meteorological variables, OWS are more sensitive

FIG. 5. (a) Observed surface wind and (b) modeled wind trend distributions from 1973 to

2014 in the Northern Hemisphere. Regions with black dots in (a) and (b) indicate that these

areas passed the significance test at the 0.05 level based on the Mann–Kendall test.
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to environment changes around the studied stations

(Han et al. 2016; Si et al. 2018; Wan et al. 2010). The

environment close to the stations could attribute 70%

changes of the OWS (Wever 2012). Local roughness,

with a typical length scale up to approximately 500m,

attributed 35% and the mesoscale roughness up to 8 km

contributed another 35%. This is the main reason why

wind speeds are negative correlated with vegetation

indices generally (Vautard et al. 2010). However, it

should be pointed out that there are studies showing that

wind speeds are not correlated with vegetation indices at

all (McVicar et al. 2012).

Some land-cover types around studied stations do not

dominate the average vegetation indices in grid scale

(5 km), but they could play important roles in the stud-

ied stations’ OWS. From our study, there is a link be-

tween LAI trend and OWS decline over Northern

Hemisphere lands in general. The meteorological vari-

ables used in our MWS, such as sea level pressure, wind

speed, and friction coefficient, include the effects of both

large-scale and local factors, which is the advantage of

our study compared to most of the previous studies.

OWS changes are caused by both large-scale and local

factors (Wu et al. 2016). Apart from land greening, ur-

banization is also one of the main factors that are closely

correlated with surface roughness (McVicar et al. 2012;

Wever 2012; Wong and Nichol 2012). Thus, it was con-

sidered anothermain reason causingOWSdecline in the

last four decades. In this period, eastern Asia (especially

China) experienced rapid urbanization, which also

caused an increase in surface roughness around the

weather stations (Grimm et al. 2008; Jones et al. 2008;

Ren et al. 2008; Sun et al. 2016). Therefore, the effect of

surface friction on the reduction in OWS becomes in-

creasingly obvious. At this stage, North America and

Europe had already finished rapid urbanization before

the study period; therefore, their levels of urbanization

were much slower than those of eastern Asia (Grimm

et al. 2008). As a result, the decrease in the OWS due to

surface friction in these two areas is not as strong as that

in eastern Asia.

There is a simple theory developed to link roughness

height and roughness in sparse roughness elements

areas, the roughness height should scale as z ; hl1.33

(Raupach 1994; Raupach 1992), where z is roughness

height, h and l are the height and frontal area index of

the roughness elements, respectively. By using sensi-

tivity simulations with the MM5 model, Vautard et al.

(2010) found that a doubling of surface roughness height

would lead to a decrease of OWS by 0.26–0.33m s21,

FIG. 6. Trends in (a) surface friction and (b) turbulent friction influences on the OWS between

1973 and 2014 in the Northern Hemisphere. Regions with black dots in (a) and (b) indicate that

these areas passed the significance test at the 0.05 level based on the Mann–Kendall test.
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which is in the range of observed wind decreases in our

studied periods. Wever (2012) found that the surface

roughness increase in the Netherlands could have dou-

bled during the period of 1962–2009. Our studied period

is from 1973 to 2014, which is the period during which all

over the Northern Hemisphere lands underwent signif-

icant urbanization and land greening (Grimmet al. 2008;

Mao et al. 2016).

c. Attribution of the reduced surface wind speed

We applied a multivariate regression analysis that is

commonly used in meteorology (Du et al. 2017; Schlatter

et al. 1976; C.-Y. Xu et al. 2006) to quantitatively analyze

the contribution of atmospheric circulation to the OWS

decline, and the relative roles played by the two types of

friction. In regression analysis, we used monthly anoma-

lies to remove seasonal cycles first. We found differences

in the monthly variation in the OWS caused by atmo-

spheric circulation in the three regions: its contributions

in North America, Europe, and eastern Asia were 41%,

71%, and 50%, respectively (Fig. 11a). The monthly

variation in the OWS in Europe is mainly due to the ef-

fect of atmospheric circulation, but its impact is less

in eastern Asia and North America. In contrast, the

FIG. 8. Time series of annual influences on the OWS caused by (a) surface friction and

(b) turbulent friction. The blue, red, and black lines represent North America, Europe, and

eastern Asia, respectively.

FIG. 7. Scatterplots of the linear trends in the OWS (m s21 decade21) as a function of the linear trends of the two

types of friction influences on the OWS (m s21 decade21). (a) Linear trends between the OWS and surface friction

influence on the OWS. (b) As in (a), but for the turbulent friction influence on the OWS.
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contribution of atmospheric circulation to the annual

variation in the OWS shows a large difference; its con-

tributions in North America, Europe, and eastern Asia

are 2%, 15%, and 48%, respectively (Fig. 11b), which

indicates that atmospheric circulation explains little of

the annual variations in the surface wind speed except for

those in eastern Asia.

We used MWS calculated from SLP to present at-

mospheric circulation, because SLP could also be

influenced by anthropogenic activities such as green-

house gases and aerosols emissions (Gillett et al. 2003),

the greenhouse gases and aerosols emissions are the

most obvious in eastern Asia, so we think this might be

the main reason why the atmospheric circulation has a

relatively large annual variance contribution in eastern

Asia compared to North America and Europe.

The contributions of the three factors to the OWS

depend on both their variabilities and trends. The pro-

posed method includes the contributions of both. We

found that the contributions of atmospheric circulation

to the OWS reduction in North America, Europe, and

eastern Asia were 21%, 1%, and 27%, respectively

(Fig. 11c), which are much less than the contributions to

the monthly variations. Evidently, atmospheric circula-

tion was the main cause of OWS seasonal variability in

the Northern Hemisphere, but not the trend in the

OWS. In contrast, surface friction is the main cause of

global stilling, but plays a minor role in the monthly

variation in the OWS. The contributions of surface

friction to the decline in the OWS in North America,

Europe, and eastern Asia are 81%, 125%, and 133%,

respectively. The latter two trend contributions are

greater than 100%, because the trend contributions of

turbulent friction on the OWS decline is negative

(Fig. 11c), which means the turbulent friction influence

on wind speed are becoming weaker.

d. Uncertainty analysis

We studied OWS changes from the two-dimensional

equation of atmospheric horizontal motions. However,

actual atmospheric motion is a three-dimensional pro-

cess. With the increase of aerosol emissions in recent

years, the aerosols influence on OWS has also attracted

more and more attention. Atmospheric aerosols can

scatter and absorb solar radiation, resulting in a re-

duction of surface incident solar radiation and heating of

atmospheric boundary layer. This enhances atmospheric

stability and reduce vertical transport of horizontal

momentum, which could reduce OWS (Jacobson and

Kaufman 2006).

From the viewpoint of 3D motion, Zeng et al. (2018)

decompose the influencing factors for OWS into advec-

tion, pressure gradient force, convection, and frictional

force, respectively. They find that advection is two to

three orders of magnitude less than themagnitudes of the

other three factors, so that the effect of advection on

OWS is very weak and can be negligible. The magnitudes

of other three factors are of the same order, the pressure

FIG. 9. Annual time series of the MWS and OWS speed in different regions. The blue lines

represent the OWS, and the red lines represent the MWS.
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gradient force and frictional force effect have nearly the

same value, but the convection is are usually 3–5 times

lower than pressure gradient force. Further, the convec-

tion has an 8%–13% contribution to the OWS variations.

Through investigating OWS over China using satellite

data and numerical studies over the south coast air basin

in California, Jacobson and Kaufman (2006) proposed

that aerosol particle and precursor gases may reduce

OWS by up to 8% locally. There were numerical studies

also showed that the aerosol emissions could induce

0.03m s21 OWS decline during 1976–2005 over the

Northern Hemisphere lands, while the OWS decline in

the same period was 0.33m s21, that was nearly 10%

trend contribution (Bichet et al. 2012). For China, the

aerosols-induced OWS decline was 20.025ms21, and

the OWS decline was 20.54ms21; the aerosols’ trend

contribution was even less than 10%, which was also

consistent with study conducted by Jacobson and

Kaufman (2006).

Overall, the convection effect on OWS was minor

compared to pressure gradient force and frictional force

effect. Therefore, the effect of vertical transport of

horizontal momentum on OWS was neglected. We dis-

cussed the influences of two main important factors

(pressure gradient force and frictional force) on OWS,

and our results about the attribution analysis of OWS

decline have an error range about 10%. As the contri-

bution of the surface friction force to the OWS decline is

much greater than this error range, we conclude that it is

the surface friction dominated OWS decline in the last

four decades in the Northern Hemisphere lands.

5. Conclusions and discussion

Based on the observed data during 1973 and 2014, we

found that atmospheric circulation played a major role

in the monthly variations of OWS in Europe (71%);

however, the role of atmospheric circulation in eastern

FIG. 10. Surfacewind trends and their relationshipwithLAI trends. (a) Surfacewind stations’ LAI

trends in growing season (April–October). (b) Surfacewind trends over the stations of eachpercentile

of the LAI trend distribution, together with the corresponding wind trend distribution (20%–40%

and 60%–80% in aqua, 40%–60% in red), vs each percentile of LAI trends. The regression line for

the median surface wind trend (y 5 20.262 0.33x, R2 5 0.41) is shown in yellow.
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Asia (50%) and North America (41%) was relatively

weak. Surface friction is one of the main reasons for the

monthly variation in the OWS in North America (43%)

and easternAsia (33%), but its impact on Europe (16%)

is relatively low.

Regarding the annual variance, atmospheric circula-

tion contributes little in North America (2%) and

Europe (15%) but has a large contribution in eastern

Asia (48%). Surface friction dominates the annual var-

iance in the OWS in North America (81%) and Europe

(39%). Turbulent friction is not the decisive factor

causing the change in the OWS in these three regions.

Although surface friction has different contributions to

OWS changes in eastern Asia, Europe, and North

America, it dominates the OWS decline in all three re-

gions, with contributions of 133%, 125%, and 81%,

respectively.

The results presented here are based on observational

data that are different from those via the mesoscale

model simulation (Vautard et al. 2010), because we

studied OWS changes individually from variance and

trend perspectives, while the models examined these

changes together. Furthermore, we quantified each

factor’s impact in the corresponding region. Because the

vertical influencing factors on OWS decline were ne-

glected in our study, we assessed the uncertainties

mainly based on previous studies (Bichet et al. 2012;

Jacobson and Kaufman 2006; Zeng et al. 2018). Even

though their results showed that aerosols contribution to

OWS decline (about 10%) was minor compared to the

three factors we explored, there might be large un-

certainties in our study, because the uncertainty of

aerosols contribution to OWS stilling had large in-

fluences on the accuracy of our study. Also, the aerosols

emissions were getting more andmore serious in the last

decade over China, the aerosols contribution to OWS

stilling need to be further explored in the future to ac-

cess the uncertainty of our results.

In addition to the three major factors of atmospheric

circulation, turbulent friction, and surface friction, the

OWS is also controlled by factors such as topography

(Klink 1999), the local turbulence (Nonaka and Xie

2003), and environment (Ozdogan et al. 2006), as well as

the performance of anemometers and their changes

(Azorin-Molina et al. 2018). The topography does not

introduce the interannual variability of the OWS, and

the impacts of the other factors are unknown and need

further study.

Inhomogeneity of meteorological data caused by

weather station relocation has been widely recog-

nized. However, station relocation generally moves the

weather station from an urban area to a rural area, which

would result in an increase in the OWS in most cases

rather than a reduction, as shown by the observed data

FIG. 11. Analysis of variance and trend contributions of the OWS stilling in the Northern

Hemisphere. (a) Monthly variation contribution of changes in the OWS. (b) Annual variance

contribution of the OWS change. (c) Trend contribution of the decrease in the OWS. Green,

aqua, and yellow represent the contributions of atmospheric circulation, turbulent friction, and

surface friction, respectively. For the variance contribution, the analyzed variables were

detrended first.
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(Guo et al. 2011; Li et al. 2011). Figure 9 also shows that

there is no obvious increase in the OWS, which implies

that the inhomogeneity of the OWS most likely did not

significantly affect our results regarding OWS trends at

regional scales.

This study quantitatively distinguishes the effect of

atmospheric circulations and two types of friction on

OWS and contributes to the improved understanding of

the wind speed reduction. Surface friction is found to be

mostly positively correlated with land-use and land-

cover change and urbanizations (McVicar et al. 2012;

Wever 2012). Northern Hemisphere lands experienced

significant land greening and urbanizations in the last

four decades. Thus it was proposed that the surface

friction increase might be mainly caused by the com-

bined effects of land greening and urbanization. These

two factors were also found to influence the OWS de-

cline by previous studies (Vautard et al. 2010; Wever

2012). However, it was hard to distinguish the effect of

greening and that of the urbanizations quantitatively in

this study, which needs to be further studied.
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