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Abstract A new concept, the directed angle, is intro-

duced to study seasonal rotation regimes of global wind

vectors and annual variability of monsoon. Compared with

previous studies on using angles between wind vectors,

this concept better describes the daily variations of both

rotation direction and rotation amplitude of wind vector.

According to the concept, six categories of wind vector

rotation with seasonal cycle in the global have been

detected and classified as follows: (1) Clockwise to

counter-clockwise (CTCC) rotation; (2) Counter-clock-

wise to clockwise (CCTC) rotation; (3) Full clockwise

(FC) rotation; (4) Full counter-clockwise (FCC) rotation;

(5) Stable style; (6) Unstable style. Generally, wind vec-

tors in monsoon regions rotate in forms of the first four

styles. Moreover, the rotation direction and rotation

amplitude of wind vectors have regional differences, and

different monsoon subsystems possess different rotation

styles for wind vectors in an annual cycle. For instance,

the South Asian monsoon follows the CCTC rotation,

while the East Asian monsoon follows the FCC rotation.

The CTCC rotation is seen in the South China Sea. Both

the West Africa and the South Indo-China Peninsula are

covered by the FC rotation. Therefore, the directed angle

is able to describe the evolution of wind vectors on a daily

scale, which provides a new clue for spatio-temporal

information about wind vector variation and model eva-

luation. Using the new concept, this study aims at

evaluating the model outputs of eight AGCMs of AMIP in

the Intergovernmental Panel on Climate Change (IPCC)

Fourth Assessment Report (AR4). Compared to the cor-

responding observations, most models are able to simulate

the global rotation regimes of wind vectors reasonably

well, however very little skill is shown in the monsoon

rotation styles of some models, especially in the South

China Sea and West Africa. Moreover, the simulations

differ mostly from observations during the transitional

season.

1 Introduction

As an ancient climatological concept, the monsoon is

characterized by the seasonal reversal of prevailing surface

winds, and the alternation between a rainy summer and a

dry winter (Ramage 1971; also see reviews about mon-

soons in the Encyclopedia of Atmospheric Sciences,

Holton 2003). Monsoon defines essential features of the

Earth’s climate which have profound social and economic

consequences. Studies on the annual cycle of monsoons,

their onset time, as well as the variabilities of their intensity

are of great scientific and societal importance. Further-

more, their importance to global circulation and climate
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predictability is widely recognized, and a series of projects

have been set up and developed to accelerate further

studies of monsoons; for example, the Summer Monsoon

Experiment (MONEX), the Tropical Ocean Global Atmo-

sphere Program (TOGA), the Monsoon Numerical

Experimentation Group (MONEG), the Atmospheric

Model Intercomparison Project (AMIP), and the Climate

Variability and Predictability Study (CLIVAR).

Recently, many general circulation models (GCMs)

have been developed and employed to investigate various

aspects of monsoons and their prediction (Shukla and

Fennessy 1994; Fennessy et al. 1994; Zhang et al. 1997;

Webster et al. 1998; Sperber et al. 2000; Lau and Nath

2000; Kang 2004; Wang et al. 2004a, b). Since it is rec-

ognized that the Asian summer monsoon, as a key element

of global circulation, has important influence on the

atmospheric variability of surrounding areas (Zeng et al.

1988; Shukla et al. 1992; Latif et al. 1994; Wang et al.

2004a, b), it is used as a main focus in the present study. A

question arises naturally as follows: how well do current

climate models perform in simulating the monsoon?

Several studies have suggested that simulations of mean

monsoon climate and its variations over different time-

scales are needed for further improvement (e.g. Fennessy

et al. 1994; Goswami 1998; Webster et al. 1998; Zachary

and Randall 1999; Kang et al. 2002a, b; Waliser et al.

2003). In addition, the results from the AMIP also showed

that there are major shortcomings in the ability to simulate

even basic aspects of the monsoon by atmospheric general

circulation models (AGCMs) [Sperber and Palmer 1996;

plus see reviews by Bin Wang (2006)]. Therefore, one of

the major future challenges is to understand why climate

models show so little ability and how to identify the key

physical processes of the monsoon. It indicates that, in

order to improve model performance, it is crucial to

improve our understanding of the mechanisms involved in

the evolution of the monsoon and its spatial and temporal

variability through diagnostic observational studies (An-

namalai et al. 1999). Furthermore, how to validate the

reliability and evaluate the performance of monsoon

simulation are also important tasks for model develop-

ment. So far, most of these techniques concentrate on

directly comparing the averaged spatial fields in a certain

period (a season or a month), or the averaged temporal

fields in a certain area (zonal or meridional), with corre-

sponding observations. Although traditional objective

techniques based on point error statistics and correlation

coefficients are often used commonly to quantitatively

verify the simulated performance (Liu et al. 1994;

Rajendran et al. 2004; Wang et al. 2004a, b), these tech-

niques are only useful for validating the simulated mean

states of certain variables related to the monsoon; it is

difficult for them to reflect the model’s performance on

reproducing the primary features of spatio-temporal evo-

lution of the monsoon. Furthermore, evaluated climate

spatial scales have changed from the global to the regional

level in the 1990s, and evaluated temporal scales have

changed from long-term-averaged (e.g. monthly, seasonal,

or annual) to the variability on a diurnal or daily scale

(Zhao et al. 1995).

At present, wind and precipitation are the major

variables used for evaluating the simulated performance

of a monsoon. In particular, most studies focus on the

evaluation of simulated precipitation (Gadgil and Sajani

1998; Kang et al. 2002b), since the major seasonal rain

belt and its unusual behavior affected by the summer

monsoon can cause extensive drought or flood disasters

(Ding 1992). However, it is well known that wind is a

vital element influencing variations in pressure, temperature

and humidity. Furthermore, although many meteorolo-

gists define monsoons according to their own views,

seasonal reversal of the wind vector is generally regarded

as the common and essential characteristic of monsoons

among these viewpoints (e.g. Pedelaborde 1963; Ramage

1971; Khromov 1978; Webster 1987; Krishnamurti

1996). This implies that not only is wind a key element

for describing and representing monsoons, but also that

variability in wind direction is an essential feature for

monsoon characterization. Therefore, understanding the

evolution of wind vectors plays an important role in

investigating the seasonal variation of monsoons. While

great effort should still be devoted to comparing

observed and simulated global wind directions, stricter

standards and systemic criterions should be employed to

validate models, including the spatio-temporal evolution

of monsoon wind vectors. In addition, variations in wind

direction should also provide a phenomenological-based

verification methodology for evaluating the performance

of monsoon simulations. Fortunately, the newest AMIP

model outputs of the Intergovernmental Panel on Climate

Change (IPCC) Fourth Assessment Report (AR4) provide

a good opportunity to study the development and

improvement of AGCMs. For this purpose, the present

study introduces a new concept of directed angle to

describe wind direction variability with seasonal evolu-

tion, employing it to study annual monsoon variability in

order to evaluate the performance of AGCMs in mon-

soon simulations.

The remaining part of this paper is organized as follows.

Section 2 describes the model data obtained from the IPCC

AR4 and the observational data used in the present study.

In addition, the concept and calculation of directed angle

are introduced. Section 3 examines the variability of the

global wind vector (especially over monsoon domains) and

classifies the rotation regimes based on the directed angle.

The rotation regimes and annual evolution of wind
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direction over monsoon regions are discussed in Sect. 4.

Section 5 assesses the models’ ability to reproduce the

rotation styles of global wind vector, and focus on the

simulated variation of monsoon wind vector. Summary and

discussion are given in Sect. 6.

2 Data and methodology

2.1 Data

AMIP is a standard experimental protocol for global

AGCMs (see http://www-pcmdi.llnl.gov/projects/amip/

index.php). It provides a community-based infrastructure

in support of climate model diagnosis, validation, inter-

comparison, documentation and data access. This

framework enables a diverse community of scientists to

analyze AGCMs in a systematic fashion, a process which

serves to facilitate model improvement. The entire inter-

national climate modeling community has participated in

this project since its inception in 1990. Daily wind data of

model output from AMIP simulation used for the IPCC

AR4 have been acquired from different modeling groups

and stored at the Program for Climate Model Diagnosis

and Intercomparison (PCMDI). Eight institutes from

seven countries participated in the intercomparison pro-

ject, which provided the data for the present study. The

descriptions of the participating models are given in

Table 1 (see http://www-pcmdi.llnl.gov/ipcc/about_ipcc.

php for more information about the models). Because of

the different simulation periods in each model, 850 hPa

daily wind data from 1 January 1979 to 31 December

1999 are averaged to construct the climatological annual

cycle.

In the present analysis, for model validation, we use the

National Center for Environmental Prediction/National

Center for Atmospheric Research (NCEP/NCAR) reanalysis

products (Kalnay et al. 1996). The 850 hPa climatological

daily mean wind dataset was constructed for the 21-year

period for 1979–1999 with global coverage on 2.5� · 2.5�

grids. A 5 day running mean is applied to suppress high

frequency variations. Five-point average is employed to

eliminate the small-scale features of the rotation regimes.

2.2 Directed angle and its difference with absolute

angle

In traditional studies, the angle between two prevailing

surface wind vectors is calculated as follows:

bj ¼ bðVj;VRÞ ¼ arccos
ðVj;VRÞ
jVjjjVRj

� �
; ðj ¼ 1; :::; 365Þ:

ð1Þ

where Vj is the daily wind vector, and VR is the reference

wind vector at the same position. In this study, we choose

the January climatological wind vector (one could, how-

ever, choose any month) as the reference wind vector. The

norm (Vj, VR) means vector product, and |�| denotes the

module of the wind vector. Thus bj essentially measures

the contrast of the wind vector angles between a specific

day and the corresponding winter. Obviously, 0 £ bj £
180�, that is, bj is always positive, so here it is named the

absolute angle.

The absolute angle between prevailing surface wind

vectors of summer and winter was used to describe and

study monsoons in previous studies (e.g. Khromov 1978; Li

and Zeng 2000). However, the definition of absolute angle

does not include the rotation direction of the wind vector.

Actually, the variations in wind direction during seasonal

evolution are not consistent in different areas. Figure 1a

indicates the scattered representation of normalized wind

vectors at (10�N, 55�E). The dots denote the directions of

daily wind vectors. It is obvious that the wind vector rotates

counter-clockwise from its winter state (Jan 1–May 9) to its

summer state (May 16–Oct 8). Then, it continuously rotates

counter-clockwise and returns to its initial state. During the

whole process, the wind vector rotates counter-clockwise

by almost 360�. However, the rotation direction of the wind

vector at (15�N, 45�E; see Fig. 1b) is quite different.

Table 1 Information about AGCMs of AMIP in the IPCC AR4

Model Institution Resolution Simulated periods Experiments

BCC-CM1 Beijing Climate Center, China T63L16 1979–2003 4

CNRM-CM3 Centre National de Recherches Meteorologiques, France T42L45 1979–2000 1

GISS-MODEL_E_R NASA Goddard Institute for Space Studies, America 4� · 5�L20 1979–2000 1

IAP-FGOALS-1.0g LASG, Institute of Atmospheric Physics, China 2.8125� · 2.8�L26 1979–1999 3

INM-CM3.0 Institute for Numerical Mathematics, Russia 4� · 5�L21 1979–2003 1

MIROC3.2 (medres) CCSR/NIES/FRCGC, Japan T42L20 1979–2002 1

MPI-ECHAM5 Max Planck Institute for Meteorology, Germany T63L32 1978–1999 3

MRI-CGCM2.3.2a Meteorological Research Institute, Japan T42L30 1979–2002 1
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Though the rotation amplitude is as large as 360�, the

rotation direction is completely reverse. It rotates clockwise

from its winter state (Jan 1–Jun 1) to its summer state (Jun

10–Sep 8), and continuously rotates clockwise to its initial

state. This suggests that the rotation amplitude of the wind

vector in an annual cycle is not always between 0� and 180�
as the absolute angle defined. Meanwhile, the absolute

angle is not able to detect and describe the rotation direction

of the wind vector. Therefore, here, we introduce the con-

cept of directed angle, which is a signed measure of the

angle. It has the ability to distinguish different rotation

directions and amplitudes to describe the whole process of

wind vector rotation. In this study, we define the counter-

clockwise (clockwise) rotation as the positive (negative)

value of the angle. Considering the gradual change of cli-

matological daily wind vectors, we adopt a day-to-day

recursion method to calculate the daily directed angle a as

follows:

a1 ¼ aðV1;VRÞ ¼ db1; ð2Þ
ai ¼ aðVi;VRÞ ¼ ai�1 þ dbðVi;Vi�1Þ; ði ¼ 2; :::; 365Þ

ð3Þ

where d is the signed function to determine the rotation

direction and VR is the reference wind vector (we choose

the January climatological wind vector). If Vi(V1) is in the

clockwise (counter-clockwise) direction of Vi – 1(VR), then

d = –1(1). b is the absolute angle between the specific day

and the day before. From the calculated formulation, it can

be seen that the concept of directed angle contains the

rotation direction of the wind vector, which is much more

visual and objective than the absolute angle to investigate

variations in wind direction.

3 Rotation styles of global wind vectors

with seasonal evolution

3.1 Examples of season evolution of wind direction

described by the directed angle

Based on the definition of directed angle, the variations in

global wind vectors have been examined. Here, several

examples of the directed angle and absolute angle of wind

vectors are shown in Fig. 1. Since the wind direction is an

important factor to characterize a monsoon, we focus first

on the seasonal evolution of the monsoon. Then, four

different rotation phenomena are detected over monsoon

domains. This implies that the seasonal reversals of wind

vectors are characterized by different rotation directions

and amplitudes in different regions. The first species is

similar to the point at (7.5�N, 112.5�E; see Fig. 2a).

According to the definition of directed angle, the curve

indicates that the wind vector rotates first clockwise from

January to June. After stabilizing at nearly –180� for a few

days, it rotates counter-clockwise to its initial state. So,

this rotation style is defined as (1) clockwise to counter-

clockwise (CTCC) rotation. However, this rotation feature

cannot be obtained from the curve of absolute angle. The

second species is completely the opposite to the first (see

Fig. 2b). Since the daily rotation angle at (5�N, 85�E) is

Fig. 1 Scattered representation of wind direction of normalized wind

vector in the annual cycle at a 10�N, 55�E: blue big dots represent day

1–129 (Jan 1–May 9); green small dots represent day 130–135 (May

10–15); red big dots represent day 136–281 (May 16–Oct 8); cyan
small dots represent day 282–290 (Oct 9–17); black small dots
represent day 291–365 (Oct 18–Dec 31); indicating full clockwise

rotation with seasonal evolution. b 15�N, 45�E: blue big dots
represent day 1–152 (Jan 1–Jun 1); green small dots represent day

153–160 (Jun 2–9); red big dots represent day 161–251 (Jun 10–Sep

8); cyan small dots represent day 252–259 (Sep 9–16); black small
dots represent day 260–365 (Sep 17–Dec 31); indicating full contour-

clockwise rotation with seasonal evolution
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positive and the directed angle increases gradually at first,

it denotes that the wind vector rotates counter-clockwise

from January to June. Subsequently, the directed angle

decreases, and that implies the daily rotation angle is

negative and the wind vector rotates clockwise from

September to December. It is defined as (2) counter-

clockwise to clockwise (CCTC) rotation. Though both

curves of directed angle and absolute angle in Fig. 2b

seem identical, they have different physical meanings.

From the curve of directed angle, it is easy to detect the

rotation direction of the wind vector. But for the absolute

angle, it always increases from winter to summer and

decreases from summer to winter. In the above examples,

if the wind vector rotates counter-clockwise (clockwise)

less than 180� at first, and then clockwise (counter-

clockwise) afterward, the absolute angle and the absolute

values of directed angle are consistent. The other two

species of rotation styles are the same as the point at

(10�N, 55�E; see Fig. 2c) and (15�N, 45�E; see Fig. 2d).

As showed in Fig. 1, the wind vector rotates clockwise or

counter-clockwise in the annual cycle. These two styles

are defined as (3) full clockwise (FC) rotation and (4) full

counter-clockwise (FCC) rotation, respectively. In these

two rotation styles, though the monsoon wind vector

rotates back to its initial state, it has actually rotated

almost 360�. Therefore, the curves of directed angle in

Fig. 2c and d are able to describe well the whole rotation

feature. However, we cannot obtain any additional infor-

mation about the rotation direction and rotation amplitude

from the curve of absolute angle; and this is the key dis-

crepancy between directed angle and absolute angle.

Furthermore, the absolute angle and the absolute values of

directed angle are not consistent under these two

circumstances.

Comparing monsoon regions, variations in wind vectors

are different in atypical monsoon regions. According to the

curves of directed angle, the rotation styles have their own

features. Though the variations of curves in atypical

monsoon regions exhibit instability and much fluctuation,

there are the four rotation styles mentioned above, too.

Besides, two other distinct rotation styles occur in atypical

monsoon regions. One is (5) stable rotation, and the other is

(6) unstable rotation. The former is similar to the point at

(10�S, 340�E) where the variation in wind direction is

inconspicuous. In addition, the wind vector always fluctu-

ates around the reference wind vector (Fig. 2e) with the

maximal angle less than 10�. The latter is similar to the

point at (62.5�N, 40�E; see Fig. 2f). The wind vector

sometimes rotates clockwise, but sometimes counter-

clockwise and the variation in wind direction is unpre-

dictable, without an obvious rotation direction in the

annual cycle. It is notable that directed angle is better than

absolute angle in representing fluctuating amplitude.

3.2 Classification of seasonal rotation of wind vector

According to the different seasonal evolution of the

directed angles in the global, six categories of wind vector

rotation styles are classified as follows:

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Seasonal variation of directed angle (solid line) and absolute

angle (dashed line) of wind vectors at a 7.5�N, 112.5�E; b 5�N, 85�E;

c 10�N, 55�E; d 15�N, 45�E in monsoon regions and e 10�S, 340�E;

f 62.5�N, 40�E in atypical monsoon areas. The directed angle is

shown on the left axis; the absolute angle is shown on the right axis.

Unit: degrees
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1. CTCC rotation: The leading rotation of the wind

vector is clockwise from winter to summer, but counter-

clockwise from summer to winter.

2. CCTC rotation: The leading rotation of the wind

vector is counter-clockwise from winter to summer, but

clockwise from summer to winter.

3. FC rotation: The leading rotation of the wind vector is

clockwise during the whole year. In total, it rotates by

around –360�.

4. FCC rotation: The leading rotation of the wind vector

is counter-clockwise during the whole year. In total, it

rotates by around 360�.

5. Stable style: The wind vector always fluctuates near

the reference wind vector, and the amplitude of the

directed angle is very small (£±20�). This is coincident

with the trade wind in the tropics.

6. Unstable style: The wind vector has neither notable

rotation direction nor a stable maintainable period. The

rotation direction varies quickly between clockwise and

counter-clockwise and the maximal directed angle is

more than ±20�.

3.3 Global distribution of rotation regimes of wind

vectors

The above six categories basically capture the rotation

direction of the global wind vector with seasonal evolution.

In terms of this classification, Fig. 3 shows the global

distribution of 850 hPa wind vector rotation regimes. The

rotation styles of the wind vectors have a distinct regional

distribution and interlaced zonal properties. The distribu-

tion patterns of the rotation regimes are as follows:

The rotation styles CTCC and CCTC cover most areas

with an obviously interlaced zonal pattern. The CTCC is

mainly located in central Eurasia, in the eastern North

Pacific, and in the central North Atlantic. In addition, the

eastern tropical Pacific, northern South America, the

northern South Indian Ocean, as well as some high latitude

areas of the Southern Hemisphere, are also covered by this

style. The domain of CCTC rotation primarily lies on the

eastern shores of the Eurasian continent, in the western

North Pacific, in central and eastern North America, as well

as in South Asia and the Arctic.

Comparatively, only are a few areas are covered by the

styles FC and FCC. The style FC centers on the vicinal

regions of the South Asian monsoon, such as the Indo-

China Peninsula, to the south of the Philippines, and in

central Africa. The style FCC is mainly distributed along

the eastern shores of China, in the Bay of Bengal, and in

some parts of the Artic. In addition, there are fragmentary

distributions of the styles FC and FCC in other areas.

The stable style covers a continuous and large distri-

bution. Its domain in the tropics exhibits a northwest–

southeast orientation, which is consistent with the trade

wind zone. Since seasonal variations in trade wind direc-

tions are much smaller, this may contribute to the

formation of the stable rotation style.

In the Northern Hemisphere, the unstable style mainly

converges in the west of the Eurasian Continent, along the

eastern shores of the North Atlantic, in northeastern North

America, central North Pacific, and western Siberia, as well

as in the central Arctic Ocean. In the Southern Hemisphere,

however, it is mainly located in the area from 180�E to

120�W of the westerly belt. Furthermore, the unstable style

covers the boundary between the style CTCC and the style

CCTC, and the distributions of the unstable style in the

Fig. 3 Global rotation regimes

of wind vectors with seasonal

evolution at 850 hPa. Style I,

clockwise to counter-clockwise

(CTCC) rotation, is shown in

light red; style II, counter-

clockwise to clockwise (CCTC)

rotation, is shown in light blue;

style III, full clockwise (FC)

rotation, is shown in deep red;

style IV, full counter-clockwise

(FCC) rotation, is shown in

deep blue; style V, stable

rotation, is shown in white; and

style VI, unstable rotation, is

shown in yellow
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Atlantic and in western North America are similar to the

area where storm tracks occur frequently (Blackmon 1976,

1977; Lau and Nath 1987; Lau 1988). This implies that the

unstable style may be associated with transient synoptic

systems on subweekly timescales, such as storm tracks

which depict fluctuations in the level of synoptic-scale

activities.

From the above global pattern of rotation regimes, it is

clear that the pattern in the Northern Hemisphere greatly

differs from that in the Southern Hemisphere, particularly

in the mid latitudes. This is possibly related to the dis-

tinction between the two hemispheres in terms of land–sea

distribution and the influence of topography.

Aside from the rotation direction, the rotation amplitude

is another important aspect for the variation of wind vec-

tors. As shown in Fig. 4a, the maximum absolute angle in

the annual cycle is mainly divided into two intervals, 0�–

90� and 150�–180�, which cover the great majority of the

global. Compared to previous studies, the regions where

the maximum values are more than 90� are close to the

global monsoon domains defined by Khromov (1978) and

Li and Zeng (2003). However, according to Fig. 2, the

rotation amplitudes of wind vectors in monsoon regions are

not always uniform, and the actual rotation amplitudes in

some regions are not confined to between 0� and 180� in

the annual cycle. Since the directed angle can reflect the

(a)

(b)

Fig. 4 Maximum amplitudes of

a absolute angle and b directed

angel. Unit: degrees
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rotation amplitude of wind vectors in the annual cycle no

matter how much it rotates. It can be seen from the max-

imum rotation amplitude of the directed angle (Fig. 4b)

that there are notable differences for the rotation amplitude

of wind vectors not only in monsoon domains but also in

other regions. The rotation amplitude of wind vectors is

more than 180� in most Asian monsoon regions, such as in

Southwest China, the western Arabian Sea, the Indo-China

Peninsula, and in the vicinity of the Philippines. Moreover,

some of the wind vectors even have large rotation ampli-

tudes of more than 270�. Therefore, wind vectors have

regional differences in rotation amplitude which cannot be

described and detected by the absolute angle.

4 Rotation regimes and annual evolution

of wind direction over monsoon regions

4.1 Relationships between rotation regimes

and monsoon subsystems

Although there is a regional difference in the global rota-

tion regime, it is not divided by the boundary between

monsoon regions and non-monsoon regions, and the Asian

monsoon regions are mainly dominated by four rotation

styles. Furthermore, we notice an interesting phenomenon

in that distributions of different rotation styles in monsoon

regions are related to the monsoon subsystems.

Focusing on the tropical Asian monsoon domain in

Fig. 3, this indicates that the monsoon wind vector rotates

counter-clockwise in the areas to the east of 80�E, but

clockwise to the west of 80�E. Relatively, Li and Zeng

(2002) divided the South Asian monsoon domain into two

independent subsystems based on different rainfall charac-

ters, and the boundary is also near to 80�E. Furthermore, it is

well known that the Asian summer monsoon is separated

into two independent subsystems of the East Asian monsoon

and the South Asian monsoon by a boundary near to 100�E

(Tao and Chen 1987; Chen et al. 1991, 2004; Qian et al.

2004). In addition, the East Asian monsoon subsystem can

be divided into the South China Sea-western Pacific tropical

monsoon and the Chinese mainland-Japan subtropical

monsoon, with the boundary between them situated near to

20�N (Zhu and He 1985; Zhu et al. 1986). Correspondingly,

the rotation styles of monsoon wind vectors in these sub-

systems are quite different to each other. Therefore, the

rotation regimes in the Asian monsoon domain may relate to

characters of different monsoon subsystems. So, the for-

mation processes of subsystems and the corresponding

factors influencing them would be important in affecting the

rotation styles of wind vectors. For instance, the properties

of the East Asian monsoon are different from those of the

South Asian monsoon, which is not only related to cross-

equatorial flows but is also influenced by the subtropical

high (Tao and Chen 1987; Wang and Ding 2006). Thus,

northeasterlies rotate clockwise into southeasterlies, with

the subtropical high retreating eastwards from winter to

summer. Sequentially, this then rotates clockwise into

southwesterlies with the advance of cross-equatorial flows

from the Southern Hemisphere. This may be the reason why

the rotation regime of the style CTCC covers the tropical

western Pacific, the South China Sea, and the Bay of Bengal.

The low level of the Arabian Peninsula was controlled by an

anticyclone in winter; it shows northerlies in the Arabian Sea

(Chen et al. 1991). Whereas, according to the contrast in

surface friction between East Africa and the sea, it is

essential for the jet’s existence (Hoskins and Rodwell 1995),

which may contribute to the intense cross-equatorial flows

with southwesterlies in summer. As a result, with the

weakening and disappearance of the anticyclone from win-

ter to summer, the wind vector rotates counter-clockwise in

the Arabian Sea, where covered by the style CCTC. So, the

rotation style of wind vectors is another important element to

represent the differences between monsoon subsystems.

4.2 Annual evolution of wind direction

over monsoon regions

For further detecting the rotation regimes and corre-

sponding wind direction variation in monsoon domains, we

focus on the boreal major monsoon systems, which can

represent well the dominant monsoon feature. According to

the different rotation styles of wind vectors (Fig. 3), the

monsoon-domain-averaged directed angle is defined as the

area-weighted average of five rectangular boxes: South

Asia (0�–20�N, 50�–80�E); East Asia (20�–40�N, 115�–

140�E); the South China Sea (0�–20�N, 110�–120�E); the

South Indo-China Peninsula (2.5�–15�N, 97.5�–110�E);

and West Africa (5�–15�N, 20�W–40�E).

The directed angles of five major boreal monsoon

domains are shown in Fig. 5. The curve in South Asia

(Fig. 5a) indicates that the wind vector rotates counter-

clockwise from winter to summer and then clockwise from

summer to winter. It clearly belongs to the style CCTC, and

the maximum rotation amplitude is almost 180�. Moreover,

it is interesting that two notable turnings in the directed

angle curve occur near the periods of monsoon onset and

withdrawal. This implies that the wind direction changes

obviously with seasonal evolution in this area. In East Asia

(Fig. 5b), the variability of the directed angle in the annual

cycle is quite different from that in South Asia. Firstly, the

rotation style in East Asia is FCC, rotating almost 360� in

the annual cycle. Secondly, there is no obvious turning in

the directed angle curve at the time of monsoon com-

mencement. Although the maximum rotation amplitude of
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the South China Sea (Fig. 5c) is consistent to that of South

Asia, the rotation direction is completely inverted. Simi-

larly, the wind vector also shows notable seasonal reversal

in the South China Sea. Both of the rotation styles of the

wind vectors in the South Indo-China Peninsula (Fig. 5d)

and in West Africa (Fig. 5e) belong to the style FC, and the

maximum rotation amplitudes are close to 360�; but the

first turning is not notable in the curve of West Africa

compared to that of the former. Moreover, the time when

the first turning occurs in the South Indo-China Peninsula

is much earlier than that of West Africa. This may be

associated with the fact that there are several rotation styles

co-emerging in West Africa (see Fig. 3), which possibly

influences the area-averaged wind direction.

Though it is hard to understand why the wind vectors in

some of the monsoon domains have different rotation

directions and amplitudes, the primary spatio-temporal

properties of wind vectors at the daily timescale are char-

acterized by their own features. Fortunately, the directed

angle is able to describe and reveal the inimitable features

and indicate the behavior of the seasonal reversal for

monsoon wind direction, which may provide a new clue for

monsoon research. Furthermore, it can be used as a new

metric to evaluate monsoon simulation since the variation

of wind vectors is vital for monsoons. To some degree, it is

indeed important for climate models to reproduce the

rotation processes of wind vectors on a daily scale.

5 Performance of AGCMs in simulating the rotation

regimes and evolution of monsoon wind vectors

5.1 Simulating global rotation regimes of wind vectors

This section applies the new concept of directed angle in

evaluating the model outputs of eight AGCMs of AMIP in

the IPCC AR4 and examines to what extent the models can

reproduce the rotation styles of wind vectors. Figure 6

shows the performance of each model in simulating the

global distribution of 850 hPa wind vector rotation styles.

And Table 2 summarizes the performance of each model in

simulating different rotation styles of wind vector identi-

fied from observations. Here, the results of BCC-CM1,

IAP-FGOALS-1.0 g and MPI-ECHAM5 are respective

ensemble means. Meanwhile, further analysis shows there

are no obvious distinctions between ensemble means and

single experiments (figure not shown). In particular, the

three single experiments of IAP-FGOALS-1.0 g and MPI-

ECHAM5 are basically consistent with their ensemble

means.

All of the models basically simulate the global distri-

bution pattern reasonably well, apart from BCC-CM1

(Fig. 6a). The rotation styles simulated by BCC-CM1 dif-

fer from the observation in most regions, particularly the

Asian monsoon region, for both the ensemble mean and in

the four single experiments. In addition, it could not cap-

ture the distribution of the stable style in the trade wind

region and westerly belt of the Southern Hemisphere. The

rotation pattern of FCC also failed to reproduce in the

North Pacific. Several models, such as CNRM-CM3

(Fig. 6b), GISS-MODEL_E_R (Fig. 6c), IAP-FGOALS-

1.0 g (Fig. 6d), INMCM3.0 (Fig. 6e), and MPI-ECHAM5

(Fig. 6g) simulate the styles CTCC and CCTC well in the

Northern Hemisphere; the other group of models, including

MIROC3.2 (medres) (Fig. 6f) and MRI-CGCM2.3.2a

(Fig. 6h) fail to reproduce well the rotation styles in the

Eastern Asia. For the styles FC and FCC, just a few models

(a)

(b)

(c)

(d)

(e)

Fig. 5 Annual variation in area-averaged directed angles of wind

vectors in five monsoon sectors: a South Asia (0�–20�N, 50�–80�E); b
East Asia (20�–40�N, 115�–140�E); c South China Sea (0�–20�N,

110�–120�E); d South Indo-China Peninsula (2.5�–15�N, 97.5�–

110�E); e West Africa (5�–15�N, 20�W–40�E). Unit: degrees
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are coincident with the observations, and only in certain

areas. For instance, nearly all simulations show some

unrealistical discrepancies in capturing the FC pattern in

the South China Sea. And over the Bay of Bengal, the

simulations of CNRM-CM3, GISS-MODEL_E_R, MI-

ROC3.2 (medres) and MPI-ECHAM5 generate a false

rotation style too. Furthermore, most models are not good

at simulating the styles FC and FCC over the Arctic and the

Asian monsoon domains. For the stable style, in the trade

wind regions, it is better reproduced in the majority of

models, except BCC-CM1. In detail, the distributions of

the stable style of seasonal evolution of wind vectors in the

simulations of INMCM3.0 and MRI-CGCM2.3.2a are

wider over the tropics Pacific than those of the observa-

tions, but those of the MPI-ECHAM5 are narrow over the

Atlantic. Over the austral westerly belt, the simulations of

stable style in IAP-FGOALS-1.0 g are similar to the

observations, except in the area close to 180�E–90�W.

However, the ensemble means of MPI-ECHAM5 and IAP-

FGOALS-1.0 g are much better than the single experi-

ments in the austral westerly belt (figure not shown). It is

noted that most models are not able to simulate the

unstable style pattern over the western Eurasian continent

except MIROC3.2 (medres). However, CNRM-CM3,

Fig. 6 As in Fig. 3 but for the

model simulations and gray

denotes a missing value. a BCC-

CM1; b CNRM-CM3; c GISS-

MODEL_E_R; d IAP-

FGOALS-1.0 g; e INM-CM3.0;

f MIROC3.2 (medres); g MPI-

ECHAM5; and h MRI-

CGCM2.3.2a
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GISS-MODEL_E_R, and MRI-CGCM2.3.2a reproduce the

unstable style rotation over the austral westerly belt rea-

sonably well.

Therefore, though seven of the eight models generally

capture the global distribution pattern of wind vector

rotation, there are also shortcomings in some regions. In

Table 2 Summary on the performance of AMIP models in Table 1 in simulating different rotation styles of wind vector

Model Rotation Type

CTCC CCTC FC FCC Stable style Unstable style

BCC-CM1 + ENP (EA)

– most areas

+ (WNP)

– most areas

+ ICP

– most areas

+ CA

– most areas

+ (ATWA)

– most areas

+ CNP

– most areas

CNRM-CM3 + most areas

– AWB, NEA

SCS, BOB

+ most areas

– (CSP)

+ ICP, SP

– SCS, BOB

CA

+ (ESC)

– CNP, BOB

+ PTWA (AWB)

– ATWA

+ CNP (AWB),

NEA

– WEC

GISS-MODEL_E_R + most areas

– AWB, SCS

BOB

+ most areas

– AWB

+ ICP (SP)

– SCS, BOB

CA, AS

+ WNP

– ESC, CNP

BOB

+ PTWA

– AWB, ATWA

+ (AWB)

– WNA, EC

IAP-FGOALS-1.0g + most areas

– WNA, SCS

+ most areas

– CA

+ ICP, SP

– SCS

+ ESC

– BOB

+ PTWA, AWB

– ATWA

+ (CEC)

– AWB, WEC,

WNA

INM-CM3.0 + most areas

– WSP, SCS

+ most areas

– CA

+ ICP, SP

– SCS

+ ESC

– ISC, WNP

+ AWB, ATWA

– PTWA

+ CNP

– AWB, (WEC)

MIROC3.2 (medres) + most areas

– SCS

+ most areas

– AWB, EA

+ ICP, SP

– SCS

+ ESC

– WNP, BOB

+ (PTWA)

– (AWB),

(ATWA)

+ CNP

– WNA, (AWB)

MPI-ECHAM5 + most areas

– AWB, SCS

BOB

+ most areas

– AWB, AS

+ ICP, SP

– BOB, AS,

CA

+ WNP, CNP

– ESC

+ PTWA

– AWB, ATWA

+ CEC

– AWB, WNA,

(WEC)

MRI-CGCM2.3.2a + most areas

– AWB, SCS

+ most areas

– EA, NA

+ ICP (SP)

– SCS, CA

+ WNP

– ESC

+ PTWA, ATWA

– AWB

+ (AWB)

– WEC, WNA,

The symbols and abbreviations are as follows: + Simulate reasonablely well; – Simulate unreasonablely well;

(X) Part of a certain area X; AS Arabian Sea; AWB Austral westerly belt; ATWA Atlantic trade wind areas; BOB Bay of Bengal; CA Central

Africa; CEC Central Eurasia continent; CNP Central North Pacific; CSP Central South Pacific; EA Eastern Asia; ENP Eastern North Pacific; ESC
Eastern shore of China; ICP Indo-China Peninsula; ISC Indian subcontinent; NEA Northeastern America; NA North Atlantic; PTWA Pacific trade

wind areas; SCS South China Sea; SP Southern Philippines; WNA Western North America; WEC Western Eurasian continent; WNP Western

North Pacific; WSP Western South Pacific

Table 3 Correlation coefficients between the simulated and the observed directed angle over monsoon regions

Model Regions

South Asia East Asia South China Sea South Indo-China Peninsula West Africa

BCC-CM1 –0.47 –0.19 –0.11 0.83* 0.55

CNRM-CM3 0.94* 0.93* 0.14 0.99* 0.17

GISS-MODEL_E_R 0.93* 0.95* 0.87* 0.96* –0.07

IAP-FGOALS–1.0 g 0.95* 0.97* 0.92* 0.97* 0.01

INM-CM3.0 0.99* 0.96* 0.83* 0.99* –0.05

MIROC3.2 (medres) 0.97* 0.98* 0.03 0.99* 0.93*

MPI-ECHAM5 0.97* 0.96* 0.14 0.97* 0.94*

MRI-CGCM2.3.2a 0.62* 0.92* –0.06 0.89* 0.38

Ensemble mean (without BCC-CM1) 0.95* 0.94* 0.10 0.99* 0.17

Bold numbers are correlations significant at the 99% confidence level; and * represents the same rotation style as the observed
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particular, simulation in the Asian monsoon regions still

needs to be improved, which is important in studying

monsoons and global climate. In addition, the performance

in simulating the stable style in the trade wind regions is

reasonably good in a few models, while the simulation of

the unstable style is not particularly realistic in the majority

of models. Little improvement is shown in the ensemble

mean compared to single experiments, which is similar to

the simulation of monsoon precipitation in ECMWF

(Wang 1997). Only simulations in a few regions, such as

the austral westerly belt, are better than the single

experiments.

5.2 Performance in simulating seasonal variation

of wind vector rotation over monsoon sectors

Because of the various spatial resolutions in the AGCMs’

simulations and observations, direct comparisons must be

based on a common grid mesh that is most representative

of the suite of data used and the regional climate charac-

teristics to be studied (Liang and Wang 1998). In order to

further discuss the regional difference in monsoon regions

and the variation of monsoon wind vector rotation, we will

evaluate the simulation in five major monsoon domains in

this section. According to the above simulation results, the

simulation of BCC-CM1 will not be further discussed

because of its great difference from the observation. Also,

the all-model composite of climatological mean wind is

made by averaging the seven model results without BCC-

CM1.

As a comparison, Fig. 7a indicates the simulations and

observations of directed angles in South Asia. All models

reproduce the CCTC well in the annual cycle. The

exception is MRI-CGCM2.3.2a, of which the variation of

directed angle is not very consistent with the observed.

That is quite different to the couple model of MRI-

CGCM2.3.2 which appears to be most realistic to simulate

the annual cycle of precipitation over the south Asian

monsoon region in the experiments of climate of the

twentieth century (20c3m) of IPCC AR4 (Annamalai et al.

2007). In East Asia (Fig. 7b), where the FCC occurs, and in

the South Indo-China Peninsula (Fig. 7d), where the style

FC occurs, all models simulate the corresponding rotation

style correctly. For the CTCC in the South China Sea, only

three models (GISS-MODEL_E_R, IAP-FGOALS-1.0 g

and INMCM3.0) capture its feature (Fig. 7c), while the

other models and model ensembles fail to simulate the FC.

Figure 7e shows that there is great discrepancy between

model simulations in West Africa. Only MIROC3.2 (me-

dres) and MPI-ECHAM5 accurately capture the style FC.

(a)

(b)

(c)

(d)

(e)

Fig. 7 As in Fig. 5 but for the comparison between simulations and

observations with seasons
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The rotation style simulation of the all-model ensemble

differs substantially from the observed in the South China

Sea and West Africa, which implies that it is still difficult

for some models to reproduce the variability of wind

vectors in the monsoon subsystems.

Correlation coefficients between the observed and the

simulated directed angle for different models and model

ensembles from January to December are listed in Table 3.

Generally, in South Asia, East Asia and the South Indo-

China Peninsula, there are good correlations between

observations and most simulations, except BCC-CM1. In

particular, the correlation coefficients of the simulated

directed angle between INMCM3.0 and observations are

greater than 0.96. For the IAP-FGOALS-1.0 g, the corre-

lation between simulation and observation is highest in the

South China Sea. However, the MPI-ECHAM5 simulates

best in West Africa. The low correlations in both the South

China Sea and West Africa between the model ensemble

and the observations suggest that it is really hard for some

models to capture the variability of monsoon wind vectors

in these monsoon subsystems. Comparatively, GISS-

MODEL_E_R, IAP-FGOALS-1.0 g and INMCM3.0 have

much higher correlations with the observations in four

monsoon regions. This may imply that these three perform

better in reproducing the evolution of monsoon wind vec-

tors in the annual cycle.

To further discuss and evaluate the simulated perfor-

mance in different periods and their subseasonal variation,

the differences in monsoon directed angle between obser-

vations and models (observed minus simulation) have been

investigated. Figure 8 exhibits the differences between

simulations and the observed, which denotes the errors with

seasonal evolution in the above five monsoon domains. In

South Asia (Fig. 8a), although all models capture the cor-

responding rotation style well, notable differences can be

found in certain periods of time. The simulated directed

angle is highly consistent with that of the observations in

wintertime and summertime, but the largest errors appear in

the transitional season near to the time of monsoon onset

and withdrawal. Similar results occur in the South Indo-

China Peninsula (Fig. 8d) as well. In addition, the models,

which simulate the same rotation style as observed in both

the South China Sea (Fig. 8c) and West Africa (Fig. 8e),

also have the largest biases in the transitional season. The

differences are much greater in the period of monsoon

withdrawal in East Asia and persist for a long time. For the

models which fail to simulate the rotation style in the South

China Sea and in West Africa, the shortcomings in the

transitional season may contribute to inaccurate rotation

styles. Therefore, decreasing the errors in the transitional

season could be vital in improving simulations of wind

(a)

(b)

(c)

(d)

(e)

Fig. 8 As in Fig. 7 but for the biases between simulations and

observation (observation minus simulation) with seasons
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vector rotation regimes. Besides, it can also improve the

transition time of monsoon wind direction.

6 Summary and discussion

6.1 Summary

According to the important influence of the variability of

wind on global circulation and monsoon systems, we have

analyzed the evolution of wind vectors in the annual cycle

by introducing a new concept of directed angle. It aims at

investigating and detecting the essential features of mon-

soon wind vectors in spatio-temporal evolution, and uses it

as a metric to evaluate model simulation of monsoons on a

daily scale. The results have shown that directed angle is

better than absolute angle for describing the variability of

wind vectors, and the evolution of global wind vectors in

the seasonal cycle can be classified into six categories as

follows: (1) clockwise to counter-clockwise (CTCC) rota-

tion; (2) counter-clockwise to clockwise (CCTC) rotation;

(3) full clockwise (FC) rotation; (4) full counter-clockwise

(FCC) rotation; (5) stable style and (6) unstable style. In

particular, the wind vector in monsoon regions rotates in

accordance with the first four categories. This confirms that

the rotation direction and rotation amplitude of wind vec-

tors have regional differences. Particularly for the

maximum rotation amplitude of the wind vector, only

directed angle can actually indicate the rotation degree.

From the rotation regimes in the Asian monsoon domains,

this shows that the wind vector belonging to monsoon

subsystems have their own rotation styles. The wind vec-

tors of the five major monsoon domains in the Northern

Hemisphere indicate completely different rotation styles.

In this study, we attempted to validate the simulated

variability of monsoon wind vectors. Since the directed

angle is able to describe the inimitable features of mon-

soons and indicate how monsoons achieve their seasonal

reversal on a daily scale, it has been applied to evaluate the

model output of eight AGCMs of AMIP in the IPCC AR4

as a new metric. The results have shown that although most

models can generally simulate the global rotation regimes

of wind vectors, little improvement is shown in the

ensemble mean compared to single experiments. More-

over, none of the models were able to capture well the

boundary among different monsoon subsystems. A few

models had difficulty in simulating the rotation styles in the

South China Sea and West Africa. A group of models,

including GISS-MODEL_E_R, IAP-FGOALS-1.0 g, INM-

CM3.0, MIROC3.2 (medres) and MPI-ECHAM5, repro-

duced the rotation styles reasonably well over most

monsoon regions. In addition, for the wind vectors in

monsoon domains, the most notable differences between

simulations and the observations appeared in the transi-

tional season, which is the time closed to monsoon onset

and withdrawal. This is similar for the models which were

able to simulate the same rotation style as the observed.

6.2 Discussion and future scope

Although the reasons why the wind vector rotates with

different styles are still uncertain, it may show an intrinsic

feature of atmospheric circulation. Some studies indicate

that the variabilities of wind and monsoon circulation are

closely related to many factors, such as the heat source and

orographic (Webster 1972; Gill 1980; Hoskins and

Rodwell 1995). Meanwhile, the relationships between rota-

tion regimes of wind vectors and the evolution of

atmospheric circulation are also interesting subjects for

further investigation. Fortunately, the directed angle is able

to describe the evolution of wind vectors on a daily scale,

which provides a new clue for spatial and temporal infor-

mation about wind vector variation. It is an important aspect

for monsoon research and model evaluation, and it can also

be widely used to validate other climate or synoptic

phenomena which are closely associated with the variation

of wind vectors, such as sea breezes. Therefore, the new

concept can be used as an objective technique of phenome-

nological-based verification methodology to verify the

variation of monsoon wind direction and can be applied to

evaluate the performance of models in reproducing the var-

iation of wind vectors on any spatial or temporal scale.

Through comparison between eight AGCMs of AMIP

and observations, it has been indicated that the largest

simulated errors in the transitional season may imply that

the onset and withdrawal of the monsoon is the most dif-

ficult for models to reproduce. However, these two periods

are most important in monsoon research because they may

lead to the commencement and end of the rainy season, and

accordingly affect the development of agriculture and the

economy. In addition, most GCMs failed to reproduce the

heavy precipitation center near India and the Bay of Bengal

(Lau et al. 1996; Kang et al. 2002b), where the rotation

styles of wind vectors with seasonal evolution are just

dissimilar to corresponding observations. Similarly, the

most of OGCMs have difficulty capturing the regional

details in precipitation over India too, in particular, the

high rainfall alone the west coast. And just six of the 18

models have a reasonable realistic representation of mon-

soon precipitation climatology (Annamalai et al. 2007).

Liang et al. (2001) have confirmed that wind biases are

significantly correlated with those of precipitation. Then,

whether there are similar systematic errors in capturing the

precipitation if there are errors of in simulating the rotation

regimes? Are there any relationships and interactions
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between them? These problems need further research in the

future.
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