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How does the climate change impact the power systems? 

What should be like an efficient energy system to meet the 
challenges of the future?
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[Ermolenko et al 2017]

Russian wind resources are quite satisfactory 
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EVF_present_CNN.keyThere is quite a strong decreasing trend of the wind speed

Linear trend %/10 years for the seasonal wind speed for 1977-2011

spring summer autumn winter

[Second Assessment Report… 2014]
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The wind power per unit area  

 is air density, U is air velocity
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a b s t r a c t

Using an observed dataset, we study the changes of surface wind speeds from 1979 to 2016 over the
Northern Hemisphere and their impacts on wind power potential. The results show that surface wind
speeds were decreasing in the past four decades over most regions in the Northern Hemisphere,
including North America, Europe and Asia. In conjunction with decreasing surface wind speeds, the wind
power potential at the typical height of a commercial wind turbine was also declining over the past
decades for most regions in the Northern Hemisphere. Approximately 30%, 50% and 80% of the stations
lost over 30% of the wind power potential since 1979 in North America, Europe and Asia, respectively. In
addition, the evaluation of climate models shows their relatively poor ability to simulate long-term
temporal trends of surface winds, indicating the need for enhancing the process that can improve the
reliability of climate models for wind energy assessments.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Renewable energy contributed more than 19% to global final
energy consumption in 2015 [1]. In the Paris Agreement, as well as
Marrakech Climate Change Conference, renewable energy was a
central topic, for it provides a key component of efforts to mitigate
climate change [2,3]. Of all renewable energy sources presently
used for electricity generation, wind is one of the leaders in terms of
installed generating capacity, only exceeded by hydropower [4]. At
the end of 2016, the global cumulative wind energy installationwas
486.8 GW. In 2016 alone, 54.6 GW was installed worldwide, among
which 23.4 GW were installed in China. By the end of 2016, 29
countries had more than 1000MW installation, including 17 in
Europe, five in Asia-Pacific (China, India, Japan, South Korea and
Australia), three in North America (Canada, Mexico, the United

States), three in Latin America (Brazil, Chile, Uruguay) and one in
Africa (South Africa) [3].

Wind energy is generated by air flow through a wind turbine
and a process to transform the kinetic energy of the air into electric
power. According to the continuity equation of fluid mechanics, the
mass flow rate, through a rotor disc of area A, is a function of air
density r, and air velocity (assumed uniform) U, and is given by [5]:

dm
dt

¼ rUA (1)

The kinetic energy per unit time, or power of the flow is given
by:

P ¼ 1
2
dm
dt

U2 ¼ 1
2
rAU3 (2)

The wind power per unit area, or wind power density is:

E ¼ P
A
¼ 1

2
rU3 (3)
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a b s t r a c t

Using an observed dataset, we study the changes of surface wind speeds from 1979 to 2016 over the
Northern Hemisphere and their impacts on wind power potential. The results show that surface wind
speeds were decreasing in the past four decades over most regions in the Northern Hemisphere,
including North America, Europe and Asia. In conjunction with decreasing surface wind speeds, the wind
power potential at the typical height of a commercial wind turbine was also declining over the past
decades for most regions in the Northern Hemisphere. Approximately 30%, 50% and 80% of the stations
lost over 30% of the wind power potential since 1979 in North America, Europe and Asia, respectively. In
addition, the evaluation of climate models shows their relatively poor ability to simulate long-term
temporal trends of surface winds, indicating the need for enhancing the process that can improve the
reliability of climate models for wind energy assessments.

© 2018 Elsevier Ltd. All rights reserved.
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It can be assumed that conforms to a probability distribution, for
example, two-parameter Weibull distribution [2]:

FðUÞ ¼ 1 $ exp
!
$
"
U
c

#k$
(4)

The expectation of wind power density can be expressed as:

E ¼ 1
2
rc3G

"
1 þ 3

k

#
(5)

Given that wind power density is the cube of wind speed
(Equation (3)), a small change in wind speed can have substantial
consequences for wind energy resources. In terms of wind elec-
tricity output and grid integration, wind speed variability at a short
time scale, such as diurnal or synoptic variability, is vital and thus
needs to be forecasted. However, when it comes to site selection of
wind farms, variability at longer time scales becomes a major
concern. While there have been a number of papers on this subject,
we focus on long-term temporal trend studies.

Recently, many studies have found that the surface wind speeds
were decreasing in recent decades (termed “stilling” [6]). In North
America, a change of $ 0.05 ms$ 1decade$ 1 was reported in Canada,
while decreases ranging from $ 0.10 to $ 0.19 ms$ 1decade$ 1 were
reported in the United States [7e9]. In Europe, downward trends
were also found in many countries, such as Germany ($ 0.01
ms$ 1decade$ 1), the Czech Republic ($ 0.08 ms$ 1decade$ 1),
Switzerland ($ 0.09 ms$ 1decade$ 1), France ($ 0.05 ms$ 1decade$ 1)
and Greece ($ 0.01 ms$ 1decade$ 1) [10e14]. Similar circumstances
occur in Asia, where declines in wind speeds were found in Japan
($ 0.03 ms$ 1decade$ 1), India ($ 0.27 ms$ 1decade$ 1) and P.R. China
(ranging from $ 0.12 to $ 0.18 ms$ 1decade$ 1) [15e19]. In one study
covering continental areas in the Northern Hemisphere, a decrease
of 5 $ 15% from 1979 to 2008 was reported [20], suggesting that
stilling is an increasingly common phenomenon in Europe, North
America and Asia. Determining the impact of the stilling on wind
energy resources across the Northern Hemisphere is the first
question we aim to answer in the current study.

Knowing the changes in the past is not sufficient, a study of how
wind energy might evolve over the coming decades becomes
necessary. Future climate evolution depends not only on natural
variability, but also on anthropogenic forcing. The atmosphere-
ocean general circulation model (AOGCM), the primary tool for

the investigation of climate system, is currently able to reproduce
large-scale natural variability such as El Ni~no-Southern Oscillation
(ENSO) [21]. Although future anthropogenic forcing is hard to
predict, possible anthropogenic forcing scenarios were proposed by
the World Climate Research Programme Fifth Coupled Model
Intercomparison Project (CMIP5), a globally coordinated set of
global coupled AOGCMs simulations to project future climate [22].
Simulations of four future scenarios defined by four level of
anthropogenic forcing were performed in the CMIP5 and have
become themost commonly used dataset for climate projections. In
the design of CMIP5, simulations for the historical period are also
included, in order to evaluate the performance of models. Chen
et al. [23] assessed the performance of several CMIP5 models for
reproducing surface wind speeds from 1971 to 2005 over China.
Among the nine models chosen for their study, two of them have a
large bias to the observations in terms of the annual mean wind
speeds, while none exhibits a substantial decline for the historical
period. It raises the basic question in wind energy projection: Are
CMIP5 simulations of surface wind speeds reliable? This is the
second question we aim to answer in this study.

Herein, we analyze changes in surface wind speed by using a
carefully quality-controlled dataset consisting of 1038 stations
covering the globe (mostly the Northern Hemisphere) for 1979 to
2016. Analysis of surface wind speeds from reanalysis datasets (e.g.
NCEP/NCAR, NCEP/DOE, ERA-Interim) is not included in this study,
because previous studies suggest that reanalysis datasets are un-
able to reproduce observed surface wind speed trends [17,20,24]. In
addition, we extrapolate surface wind speeds to the typical height
of a commercial wind turbine (considered as 80m) using an
empirical algorithm, and examine changes inwind power potential
over the past decades. We then conduct a comprehensive evalua-
tion of the simulations for surface wind speeds from 1979 to 2005
from out of the 34 AOGCMs in CMIP5, providing a reference for the
reliability of CMIP5 models for wind energy projection.

2. Data and methods

2.1. Data

Observational wind speed time series are available from two
sources:

1. The Integrated Surface Database (ISD) [25], initiated by

Nomenclature

Abbreviations
AOGCM Atmosphere-Ocean General Circulation Model
ASOS Automated Surface Observing System
CMA Chinese Meteorological Administration
CMDC China Meteorological Data Service Center
CMIP5 World Climate Research Programme Fifth Coupled.

Model Intercomparison Project
ENSO El Nin~o-Southern Oscillation
ISD Integrated Surface Database
NAO North Atlantic Oscillation
NCEI National Centers for Environmental Information
NOAA National Oceanic and Atmospheric Administration
PDO Pacific Decadal Oscillation
PLI Power law index
QC Quality Control
RMSD Root-Mean-Square Difference

Greek symbols
a Power law index
G Gamma function
k Shape parameter in Weibull distribution
r Density of air, kg=m3

Mathematical symbols
A Area of a rotor, m2

c Scale parameter in Weibull distribution
C Cumulative change in wind speed, %
D Root-Mean-Square Difference
E Wind power density, W=m2

m Mass of air, kg
P Kinetic energy per unit time, W
R Correlation coefficient
Rg Regression function of wind speed time series
t Time, s
U Wind speed, m=s

Q. Tian et al. / Energy 167 (2019) 1224e1235 1225

Which means that 5% change of the wind speed may still 
be a lot 
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Northern Hemisphere in the past decades. Around one third of the
stations in North America, have experienced a huge decrease (over
30%) in wind power potential while over half of the stations in
Europe and around four-fifths in Asia have the same magnitude of

decrease. For China, the country with the largest installed wind
energy capacity, regions which have a considerable decrease are
mainly regions with abundant wind energy resources and where a
number of gigantic commercial wind farms were built. Changes in

Fig. 7. Evolution of CMIP5 simulated surface wind speed anomalies. Same as Fig. 6 b), but for surface wind speed anomalies.

Fig. 6. Evolution of CMIP5 simulated surface wind speeds. a) Evolution, as a function of year, of median values of surface wind speeds simulated by 28 AOGCMs in CMIP5. b)
Trendline for the surface wind speeds. 17 models exhibit downward trends while the remaining models show upward trends. Evolution of the median values for the observation
winds are also shown.

Q. Tian et al. / Energy 167 (2019) 1224e12351232

The global climate models seem to heavily 
underestimate the decreasing tend of the wind speed

[Tian et al. 2019]
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Robust multidecadal regional projections of the 
surface wind speed in Russia are of interest to ensure 
integration of the wind power in the national power 
systems
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Regional downscaling

Global climate modelling

Calibration for the certain operation site

Ensemble approach should be used

   
Region 8: Central Asia 

 
 

A) For rotated polar RCMs (in rotated coordinates): 

RotPole (256.61; 43.48)          

TLC (325.68; 22.88) 

Nx=153 

Ny=100 

 

B) For non-rotated polar RCMs (in actual coordinates): 

TLC (11.05; 54.76) 

CNB (73.15; 69.37) 

TRC (139.13; 56.48) 

CWB (120.10; 39.45) 

CPD (74.64; 47.82) 

CEB (119.82; 30.07) 

BLC (42.41; 18.34) 

CSB (75.24; 25.83) 

BRC (108.44; 19.39) 

 

Roshydromet observations+ remote sensing data 
+ monitoring 
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CMIP5 simulation results were used to construct an 
ensemble estimation

Original R-code was developed to facilitate ensemble 
calculations

Ensemble optimisation was one of the main points of the 
work. The CMIP5 quality ranking was used. The ranking 
considers reproducibility of the daily wind speed 
distributions in European CORDEX domain [Carvalho et al. 
2017]
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Relative change of the annual surface wind speed 2065-2074 vs 2007-2016 (rcp 4.5)
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Relative change of the annual surface wind speed 2065-2074 vs 2007-2016 (rcp 4.5)
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Wind resources in Primorye seem to have better 
prospects as compared with European part of Russia 
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1. The global climate models tend to underestimate the 
changes of the surface wind speed  

2. The ensemble optimisation seems to ensure better 
reproducibility of the wind speed across Russia in the mid-
term retrospective (up to 60 years) 

3. The surface wind speed changes demonstrate non-
monotonic features 

4. The wind resources in the European part of Russia and in 
West Siberia are likely to have decreasing trend, in 
Primorye — an increasing one
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?

Long-term variability of the surface wind speed is of highest 
practical interest
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