
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 It is well known that the gradual increase of atmospheric concentration of greenhouse gases 

induces tropospheric warming, and in turn this warming tends to increase both atmospheric 

moisture and precipitation.  

This climate change (due to the global warming) causes heavy precipitation in the existing tropical 

rainy zone and midlatitude baroclinic zone, and also might accompany the more frequent or more 

intense droughts, thus expansion of the existing deserts over the world (that is, desertification).  

Desertification could be related to regional and global circulation(Hadley circulation) 

based on Charney’s desert instability theory.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  (1) To study for  the global-scale changes of climatic types during the 20th century  

  (2) To find the proof of desertification, specially caused by global warming 

  (3) To qualitatively assess the characteristics of desertification in global and regional scale 

  (4) To examine the change of intensity of Hadley circulations as a cause of desertification 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Change of Kö ppen Climate Regions and Desertification during the 20th Century 
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Results in the 20C3M Experiment 

(1) Tropical and dry climatic areas become increased, whereas polar climatic areas are decreased during 

20th century both in observations and 20C3M experiment. But in simulated results, dry climatic areas 

are more rapidly and steadily expanded.  

(2) Wintertime Hadley circulation as a cause of the desertification was significantly strengthened since 

1960s  in observations, but not in simulations from 20C3M models.  

(3) 20C3M simulations show the obvious desertification during 20th century, but consistency between 

Hadley circulation intensification and desertification found in observations is absent in  20C3M 

experiments by IPCC AR4 models.  

(4) This conflicting results mean that the state-of-the-art AOGCMs could have significant systematic 

shortcomings and modeled desertification could occur in different manner to realistic mechanisms. 

1. Tropical(A) and dry(B) climatic areas are steadily increased during 20th century. 

2. Polar climatic area(E) is decreased similar to observation. 

3. But meso- and micro-thermal climatic areas(C&D) show slightly opposite trends  to observations. 

4.  Specially dry climatic areas show steadily and rapidly increasing trends during 20th century 

 

 From these figures, we find that desert areas are likely to have prominently expanded trends during 

20th century. And this steadily increasing trends are continued in 21st century under global warming 

scenarios(not shown) 

Objectives 

 Observational Evidence 

Backgrounds 

Decrease of 

vegetation 

Increase of 

albedo 

Reduction of 

precipitation 

Enhanced 

downdraft 

1. Regional: Increase of SFC divergence 

2. Global: Intensification of the Hadley 

    cell due to compensating updraft 

Expansion of 

Desert 

Amplification of 

Vegetation-Albedo Feedback 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Köppen Classification of Climate 

 

(1) Construction of the consecutive ten 

climates  during 20th century, defined  by 

decadal means of global precipitation and  

surface air temperature 

 

(2) Classification of the global climatic 

regions into 13 regimes based on 

Köppen’s classification of climate 

 

 

 

 

 

(3) Analyzing the decadal areal changes of 

5 major   climatic regions, and BS and 

BW regions during 20th (from observation 

and climate model output) 

 

(4) Construction of the models’ ensemble 

mean  

Hadley Circulation(Tanaka et al., 2004) 

 

(1) Horizontal winds can be expressed by  

non-divergent and divergent winds, from 

which streamfunction (ψ) and velocity 

potential (χ) can be defined. 

 

 

(2) If one takes divergence of horizontal wind, 

velocity potential (χ) can be evaluated by 

solving the inverse Laplacian (divergence if 

χ>0). 

 

(3) Divergent wind can be obtained from the 

gradient of velocity potential. 

(4) Velocity potential is then decomposed by 

the linear combination of three orthogonal 

spatial patterns: Hadley, Walker and 

monsoon circulations 

 

 

 

V = Vψ + Vχ    =  k×∇ψ + (-∇χ)  

D = ∇·V   = -∇2χ 

χ(t, x, y) = [χ(t, y)] + χ*(t, x, y) 

               = [χ(t, y)] + χ*(x, y) + χ*'(t, x, y) 

A 

Af Aw 

E 

ET EF 

C 

Cf Cw Cs 

B 

BS BW 

D 

Df Dw Ds 

  CRU TS2.1 
 period : 1901~2000  (monthly) 

 resolution : 0.5oⅹ0.5o (global land 

except Antarctica) 

 variables : surface air temperature, 

precipitation  

 

ECMWF 40 years Reanalysis Data 
 period : 1961~2000  (monthly) 

 resolution : 2.5oⅹ2.5o (global land 

except Antarctica) 

 variables : 200hPa u-wind  & v-wind 

 

   IPCC Coupled Model Output   
 period   

     - 20C3M : 1950~1999  (monthly)      

 models (21) : CCCMA-T47/CCCMA-

T63/CNRM-CM3 / CSIRO-MK3.0 /CSIRO-

MK3.5/ GFDL-CM2.0 / GFDL-CM2.1 / GISS -

AOM/ GISS-EH / GISS-ER/IAP/ INM-CM3.0 / 

IPSL-CM4 / MIROC-3.2(hires)/ MIROC-

3.2(medres)/  MIRUB/ MPI-ECHAM5/ MRI-

GCM2.3.2 / NCAR-CCSM3.0/ NCAR-PCM1 

/UKMO-HadCM3 / UKMO-HadGEM1 

 resolution : 2.5oⅹ2.5o (Hadley cir.) & variable 

with model resolution(Köppen classification)  

Figure 1. Global distribution of the 13 

Köppen’s climatic classification sub-

regions. This is produced using the 

observed 30-year(1961 to 1990) normal 

surface air temperature and 

precipitation.  

Areal Percentages of 5 Major Climate Types
for the Period of 1961-1990
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for the Period of 1961-1990
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Figure 2. Areal Fraction(%) of  5 major 

and 13 sub-climate regimes for the 

period of 1961-1990 
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Figure 3. Decadal variations of 

the areal fractions (relative to 

the global land area, %) for  5 

major climate regimes. Linear 

regression in each graph 

shows the trend of the areal 

change during 20th century. 

Climatological Hadley Circulation (200hPa)
for 4 Decadal Means
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Interannual Variability of the Hadley Circulation 
Intensity during Boreal Winter

1960 1965 1970 1975 1980 1985 1990 1995 2000

V
e

lo
c
it
y
 P

o
te

n
ti
a

l 
(1

0
5
 m

2
s

-1
)

-70

-60

-50

-40

-30

-20

1960 1965 1970 1975 1980 1985 1990 1995 2000

V
e
lo

c
it
y
 P

o
te

n
ti
a
l 
(1

0
5
 m

2
s

-1
)

-70

-60

-50

-40

-30

-20

Col 1 vs Col 2 

Plot 1 Regr

Year

1960 1965 1970 1975 1980 1985 1990 1995 2000

V
e
lo

c
it
y
 P

o
te

n
ti
a
l 
(1

0
5
 m

2
s

-1
)

-70

-60

-50

-40

-30

-20

slope=-0.38

slope=-0.40

slope=-0.41

(a) DEC

(c) FEB

(b) JAN

Figure 4. Decadal variations of 

200hPa velocity potential of 

Hadley circulation component 

(105m2s-1) (a) DJF (b) JJA 

Figure 5. Interannual variability of 

the Hadley circulation intensity 

(105m2s-1) during Boreal winter for 

1961-2000 (a) December (b) 

January (c) February 
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Simulated Dry Climate Area Fractions 
for 10 Decadal Means :20C3M MME
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Figure 8. Decadal variations in ensemble 

mean of  20C3M simulated dry climate areal 

fractions(%) during 20th century. 

Figure 7. Decadal variations in ensemble 

mean of  20C3M simulated areal fractions of 

Köppen climatic classification(%) during 20th 

century. 

    Hadley circulation during the boreal 
winter becomes intensified over the 
last 40 years of 20th century 

Globally-Averaged Annual Mean Temperature
from the 20C3M Simulations(1900-1999)
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Globally-Averaged Annual Mean Precipitation
from the 20C3M Simulations(1900-1999)
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Figure 6. Globally averaged annual mean of surface air temperature(oC) and precipitation 

(mm/day) from the 20C3M simulations during 20th century. Red lines represent ensemble 

mean of 21 models. 

Simulated Hadley Circulation (200hPa)

for 5 Decadal Means : 20C3M MME

Latitude (degree)

-90 -60 -30 0 30 60 90

V
e

lo
ci

ty
 P

o
te

n
tia

l (
1

0
5
 m

2
s-1

)

-80

-60

-40

-20

0

20

40

60

1950s 

1960s 

1970s 

1980s

1990s 

(a) DJF

Latitude (degree)

-90 -60 -30 0 30 60 90

V
e
lo

ci
ty

 P
o
te

n
tia

l (
1
0

5
 m

2
s-1

)

-80

-60

-40

-20

0

20

40

60

1950s

1960s

1970s

1980s

1990s

(b) JJA

Figure 9. Decadal variations of 200hPa velocity potential of 

Hadley circulation component (105m2s-1) in ensemble mean 

from 20C3M models. (a) DJF (b) JJA 

1. Overall features of  Hadley circulation are similar to 

observations(see Fig.4). 

2. But the intensity of  the circulation is much stronger than 

the observations. Observed maximum velocity potential 

near 30oN is about 30-50*105m2s-1  in DJF, whereas 

simulated one is about 60*105m2s-1 . 

3. Unlike to the observed change, simulated intensity of  the 

circulation doesn’t show the gradual increase with time. 

 

 Consistency between Hadley circulation intensification and 

desertification which is found in observations is absent in  

20C3M experiments by IPCC AR4 models. And this 

inconsistency remains in 21st century simulations(not shown).  


