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ABSTRACT

Somali Jet changes will influence the variability of Asian monsoon and climate. How would Somali Jet
changes respond to the global warming in the future climate? To address this question, we first evaluate
the ability of IPCC-ARA4 climate models and perform the 20th century climate in coupled models (20C3M)
experiments to reproduce the observational features of the low level Somali Jet in JJA (June-July-August)
for the period 1976-1999. Then, we project and discuss the changes of Somali Jet under the climate change
of Scenario A2 (SRESA2) for the period 2005-2099. The results show that 18 IPCC-AR4 models have
performed better in describing the climatological features of Somali Jet in the present climate simulations.
Analysis of Somali Jet intensity changes from the multi-model ensemble results for the period 2005-2099
shows a weakened Somali Jet in the early 21st century (2010-2040), the strongest Somali Jet in the middle
21st century (2050-2060), as well as the weakest Somali Jet at the end of the 21st century (2070-2090).
Compared with the period 1976-1999, the intensity of Somali Jet is weakening in general, and it becomes
the weakest at the end of the 21st century. The results also suggest that the relationship between the
intensity of Somali Jet in JJA and the increment of global mean surface air temperature is nonlinear, which
is reflected differently among the models, suggesting the uncertainty of the IPCC-AR4 models. Considering
the important role of Somali Jet in the Indian monsoon and East Asian monsoon and climate of China, the
variability of Somali Jet and its evolvement under the present climate or future climate changes need to be
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further clarified.
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1. Introduction

As an important component of Asian monsoon
system, a strong cross-equatorial low level Somali
Jet transports momentum and water vapor in inter-
hemispheres. Recent results indicate Somali Jet trans-
ports water vapor from the winter to the summer
hemisphere (Li et al., 2000; Wang and Xue, 2003; Shi
et al., 2001; Li et al., 2004). The variability of So-
mali Jet on the intraseasonal, interannual, and decadal
time scales will directly influence the East Asian sum-
mer monsoon rainfall (Li et al., 2006; Gao and Xue,
2006; Cong et al., 2007; Wang and Yang, 2008). It
is found that when Somali Jet occurs more strongly
in May-June than the multi-year average, the South
China Sea summer monsoon will break out earlier than

normal (Gao and Xue, 2006). The energy of Somali

Jet will be dispersed northeastward, resulting in the
It is found that the

interannual and decadal variabilities of Somali Jet are

anomalous East Asian climate.

associated with the location of the West Pacific sub-
tropical high, ENSO, and Pacific decadal oscillation
(PDO) as well (Wang and Yang, 2008).

Projection of future changes of both Asian mon-
soon and regional climate under global warming has
been a frontier topic. Simulation of the Somali Jet
variability is also a major aspect of climate model val-
idations. Some studies have been carried out along
this direction (Wang et al., 1992; Zhao and Luo, 1998;
Gao et al., 2003; Jiang et al., 2004; Zhou and Yu, 2006;
Vera et al., 2006; Hori and Ueda, 2006; Xu et al., 2007;
Jiang et al., 2008). However, future changes of Somali
Jet under global warming have not been discussed so

far. What the future changes of Somali Jet would be
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under the global warming is an important issue.
Basing on the IPCC-AR4 models outputs for the
20th century climate in coupled models (20C3M) and
in the Scenario A2 (SRESA2) for the 21st century cli-
mate simulations, we analyze the changes of Somali
Jet in the 21st century and investigate the relation-
ship between the intensity of Somali Jet and increase
of global mean surface temperature. Our results will
help to provide the basis for the research of future

changes of Asian monsoon and East Asian climate.
2. Data

The model data is obtained from the website:
http://www-pcemdillnl.gov/projects/cmip/index.php.
The outputs of 20C3M are used to describe the cli-
mate for the period 1976-1999, while those from
the SRESA2 are used to represent future climate
change for the period 2005-2099. FEighteen IPCC-
AR4 models are denoted A-R, respectively. They
are A: BCCRBCM2.0 (Norway), B: CGCM3.1(T47)
(Canada), C: CNRM-CM3 (France), D:CSIRO-MK3.0
(Australia), E: CSIRO-MK3.5 (Australia), F: GFDL-
CM2.0 (USA), G: GFDL-CM2.1 (USA), H: GISS-ER
(USA), I: INGV-SXG (Ttaly), J: INM-CM3.0 (Rus-
sia), K: IPSL-CM4 (France), L: MIROC3.2 (medres)
(Japan), M: ECHAMS5/MPI-OM (Germany), N: MRI-
CGCM2.3.2 (Japan), O: CCSM3 (USA), P: PCM
(USA), Q: UKMO-HadCM3 (UK), and R: UKMO-
HadGEM1 (UK). The details of the models are doc-
umented at the website above. In addition, relevant
information about model evaluation and brief model
introduction can also be found in Chapter 8 of the
IPCC AR4 Working Group I Report, at the website:
http://www.ipce.ch/ipcereports/ard-wgl.htm.

The initial fields for the models in 20C3M are
from the preindustrial control (PICNTRL) experi-
ment. The models are driven with external climate
forcings such as anthropogenic increases in greenhouse
gases and sulphate aerosols, changes in solar radiation
and forcing by explosive volcanism; the different forc-
ings are incorporated either into separate simulations
or into one simulation (Hegerl et al., 2003). The con-
centration of greenhouse gases which changes with

time is from observation or reconstruction of the his-
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The initial fields for the models in
SRESA2, which is a high greenhouse gas emission ex-

tory sequence.

periment, are from the multi-model ensemble results in
year 1990 of Scenario 20C3M experiments. An intro-
duction on the external forcings (including concentra-
tion of greenhouse gas, sulfate aerosols, solar radiation,
and volcanic eruption) can be found at the website:
http://www.ccsm.ucar.edu/working _groups/Change/
CCSM3_IPCC_AR4/SRESA2.html and in Chapter
10 of the IPCC AR4 Working Group I Report.

The area of 20°S-30°N, 30-140°E is dominated
by cross-equatorial flow (Li and Lou, 1987) and is
selected as a key domain to evaluate the model per-
formance in this paper. The Somali Jet index is
defined as area-averaged wind velocity at 850 hPa in
June-July-August (JJA) over the region 15°S-10°N,
37.5°-62.5°E (Wang and Xue, 2003).

The multi-model ensemble is obtained by aver-
aging the outputs from the 18 models. The present
climate period refers to 1976-1999, and the future
climate period refers to 2005—2099. The observational
datasets are derived from the NCEP/NCAR reanal-
ysis and ERA-40 for the period 1976-1999. Summer

mean denotes the average of JJA.
3. Simulated Somali Jet in the present climate

3.1 Simulated spatial distribution

In comparison with two observational datasets
NCEP/NCAR reanalysis and ERA-40 for 1976-1999,
simulated winds at 200 and 850 hPa in the region
20°S-30°N, 30°-140°E are analyzed. Table 1 shows
the wind spatial correlation coefficients in the region
20°S-30°N, 30°-140°E between models and observa-
tions. Each model and the 18-model ensemble well
reproduce the observational zonal wind at 200 and
850 hPa, with the zonal wind spatial correlation co-
efficients between 20C3M models and NCEP/NCAR
(ERA-40) data about 0.9. As far as the meridional
wind is concerned, the values of meridional wind spa-
tial correlation coefficients between 20C3M models
and NCEP/NCAR (ERA-40) data are in the range
of 0.6-0.9, while the values of meridional wind spatial
correlation coefficients between the 18-model ensem-
ble and NCEP/NCAR (ERA-40) data are larger than
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0.9. Table 1 illustrates that any model can simulate
the observational spatial features, but the simulation
ability for each model is different. The high values of
wind correlation coefficients between the multi-model

ensemble and NCEP/NCAR (ERA-40) data suggest
that the multi-model ensemble could improve the ca-
pability to capture the basic features of winds in the
region 20°S-30°N, 30°-140°E.

Table 1. Spatial correlation coefficients of wind over the area of 20°S—-30°N, 30°~140°E between 20C3M models

results and NCEP/NCAR and ERA-40 reanalysis

(ERA40)U850 (ERA40)U200 (ERA40)V850 (ERA40)V200
18 mean 0.97(0.96) 0.98(0.99) 0.92(0.91) 0.93(0.94)
A 0.96(0.95) 0.96(0.96) 0.88(0.85) 0.80(0.83)
B 0.95(0.96) 0.93(0.94) 0.91(0.89) 0.90(0.89)
C 0.94(0.92) 0.97(0.96) 0.86(0.82) 0.81(0.82)
D 0.93(0.91) 0.96(0.97) 0.85(0.83) 0.93(0.92)
E 0.93(0.91) 0.96(0.97) 0.84(0.83) 0.90(0.89)
F 0.96(0.95) 0.97(0.98) 0.89(0.88) 0.90(0.91)
G 0.97(0.96) 0.98(0.98) 0.91(0.91) 0.94(0.93)
H 0.84(0.83) 0.97(0.96) 0.79(0.76) 0.69(0.67)
I 0.94(0.94) 0.97(0.96) 0.88(0.89) 0.89(0.89)
J 0.88(0.85) 0.96(0.94) 0.80(0.70) 0.81(0.79)
K 0.92(0.89) 0.87(0.86) 0.83(0.83) 0.84(0.80)
L 0.92(0.92) 0.98(0.98) 0.88(0.85) 0.85(0.87)
M 0.94(0.94) 0.96(0.97) 0.87(0.91) 0.88(0.88)
N 0.91(0.89) 0.90(0.92) 0.85(0.84) 0.83(0.84)
o) 0.94(0.93) 0.96(0.97) 0.89(0.86) 0.87(0.87)
P 0.87(0.85) 0.89(0.90) 0.81(0.78) 0.73(0.72)
Q 0.95(0.95) 0.92(0.94) 0.80(0.84) 0.87(0.89)
R 0.95(0.95) 0.92(0.95) 0.83(0.86) 0.86(0.88)

Each correlation coefficient is at 99% significant level.

3.2 Simulated climatological features of Somali
Jet

The multi-model ensemble is able to well repro-
duce the strongest cross-equatorial low level Somali
Jet in the region 37.5°-62.5°E, and the stronger cross-
equatorial low level flow in the region 100°-160°E with
smaller cores than those of NCEP/NCAR reanaly-
sis (Figs.1a,b). The simulated Somali Jet turns into
northerly flow at upper levels. The simulated wind at
850 hPa in Fig.1c shows that southerly flow dominates
over the Somali region, the easterlies prevail at 20°S
and the westerlies control the Arabian Sea, Indian
Peninsula, Bay of Bengal as well as South China Sea.
In the difference of the 850-hPa wind field between the
multi-model ensemble and the NCEP data (Fig.1d),
there is a cyclonic anomaly to the south of the Ara-
bian Sea, and there is an anticyclonic anomaly to the
south of the Bay of Bengal. The multi-model ensem-
ble can well describe circulations at 200 hPa including

cross-equatorial northerly wind, the anticyclonic cir-

culation of South Asian high as well as the tropical
easterly jet (Fig.le), where the simulated intensity of
both the tropical easterly Jet and the upper level So-
mali Jet are weaker than those of NCEP/NCAR re-
analysis (Fig.1f).

We define the index of intensity of Somali Jet as
the area mean wind speed at 850 hPa in JJA in 15°S—
10°N, 37.5°-62.5°E. The simulated (observed) aver-
age intensity of Somali Jet for the period 1976-1999 is
9.05 (9.5) m s~1, the simulated (observed) interannual
standard deviation is 0.12 (0.37) m s~!. The multi-
model ensemble therefore simulates a weaker Somali
Jet than that in NCEP/NCAR data for 1976-1999.
In addition, the standard deviation of 18 models at

0.71 m s~ ! represents large differences among models.
3.3 Future changes of Somali Jet

We now analyze the future changes of Somali Jet
during 2005-2099. The curve of 11-yr running mean
intensity index of Somali Jet illustrates a weak period
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Fig.1. The longitude-altitude cross-sections of the meridional wind in summer along the equator.
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13 represents 1000, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 50, and 30 hPa, respectively, derived from (a) the
multi-model ensemble and (b) NCEP/NCAR reanalysis; (c) 850-hPa wind field of the 18-model (20C3M) ensemble mean;
(d) difference of the 850-hPa wind field between the 18-model (20C3M) ensemble mean and NCEP/NCAR reanalysis;
(e) as in Fig.1c, but for 200 hPa; (f) as in Fig.1d, but for 200 hPa (unit: m s™1).

in the early 21st century (2010-2040), an enhanced
and strongest period during the middle 21st century
(2050-2060), and a weakest period at the end of the
21st century (2070-2099). The 10-yr averaged inten-
sity of Somali Jet is given in Table 2 for 2011-2099.
Relative to the averaged intensity of Somali Jet (9.0
m s~1) for the whole period 2005-2099, larger val-
ues occur during 2011-2020 and 2021-2030 while a
smaller value occurs during 2031-2040, and the value
is above normal for the period 20512060, which is

the strongest in the whole period. Lower values ap-

pear during 2061-2070 and 2071-2080, and the lowest
value during 2081-2090. Under the global warming,
Somali Jet will become the strongest in the middle 21st
century and the weakest at the end of the 21st cen-
tury. In addition, compared to the period 1976-1999
(NCEP/NCAR, Fig.2b), the average value of SRESA2
(NCEP/NCAR) is 8.9 (9.5) m s™!, Somali Jet will be-
come obviously weaker in the future. Compared to the
period 1976-1999 (20C3M), the increments of Somali
Jet in every 10 yr for 2011-2099 are analyzed (Table
2). It is shown that the increment during 2051-2060
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Fig.2. (a) Time series of the Somali Jet index (unit: m s™*) during 2005-2099 with a 11-yr running mean. The thick

solid line represents the average value for the period 2005-2099; (b) time series of the Somali Jet index (NCEP data)
during 1976-1999. The thick solid line represents the average value for the period 1976-1999.

Table 2. The SRESA2 multi-model ensemble 10 yr mean intensity of Somali Jet (unit: m s™') for the period
2011-2099 and its difference relative to the mean value for 1976-1999 (20C3M)

2011 2021 2031 2041 2051 2061 2071 2081 2091
A2 9.01 9.04 8.95 8.98 9.09 8.98 8.95 8.96 8.93
A2-20C3M —0.03 —0.00 —0.09 —0.06 0.04 —0.06 —0.09 —0.08 —-0.11

2011 and 2091 denote the period 2011-2020 and 2091-2099, respectively.

is positive, the other 10-yr increments are all negative,
and the lowest value (—0.11 m s~!) appears during
2091-2099, which means the magnitude of the largest
increment is comparable to one standard variation
(0.10 m s™1) of the multi-model ensemble in SRESA2.
In general, the intensity of Somali Jet would tend to
become weaker in the future climate, specifically, it
would be close to that of the present climate in the
middle 21st century, and be the weakest at the end of
the 21st century.

Figure 3 shows the wind difference between the
period 2091-2099 and 1976-1999. Shaded areas indi-
cate that the differences in the two meridional wind
fields are statistically significant at 99% level. A t-
test is performed using results from the 18 models
to obtain the significant level. At 850 hPa, the wind
difference between SRESA2 and 20C3M multi-model
ensemble (Fig.3b) shows that the northerly anomaly
dominates the Somali region, representing a weaker
Somali Jet, accompanied by the occurrence of a west-
erly anomaly at 20°S related to the weaker Mascarene
high, an easterly anomaly over 5°-10°N, and an anti-

cyclonic anomaly around South Asia, the South China

Sea, and western Pacific. These circulation changes
associated with Somali Jet in summer are consistent
with previous results, implying that weaker Somali
Jet would result in a decrease of water vapor trans-
port from the Southern Hemisphere to the Northern
Hemisphere and would correspond to a weaker South
China Sea monsoon and enhanced East Asian subtrop-
ical monsoon. By contrast, the southerly anomaly is
remarkable in the Somali area along with a weaker
South Asian high and a weaker tropical easterly jet
at 200 hPa (Fig.3b). The circulation changes above
indicate that the subtropical and tropical circulation
systems will vary with Somali Jet in the future climate
change. However, their inherent connection is complex

and needs to be further explored.

3.4 Linkages between Somali Jet and global

mean indent surface air temperature

What is the relationship between the intensity
change of Somali Jet and the increase of global mean
surface air temperature (GMSAT)? Would Somali Jet
become weaker and weaker when the GMSAT in-

creases in the future? How does Somali Jet variation
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Fig.3. The SRESA2 multi-model ensemble wind and the wind difference between the SRESA2 multi-model ensemble
(2091-2099) and 20C3M multi-model ensemble (1976-1999). (a) 850-hPa wind, (b) 850-hPa wind difference, (c) 200-hPa

wind, and (d) 200-hPa wind difference. Shaded areas indicate the differences in meridional wind fields are statistically

significant at 99% level (unit: m s™!). t-test is performed using results from the 18 models to obtain the significant level.

rely on the increments of GMSAT? We divide the pe-
riod 2011-2099 into 9 periods including 2011-2020,
2021-2030, 2031-2040, 2041-2050, 2051-2060, 2061—
2070, 2071-2080, 2081-2090, and 2091-2099. The
definition of the increment of GMSAT of each pe-
riod is given here. For example, the increment of
GMSAT for the period 2011-2020 is defined as the
10-yr (2011-2020) averaged SRESA2 multi-model en-
semble GMSAT minus the 24-yr (1976-1999) averaged
NCEP/NCAR reanalysis GMSAT. We use the incre-
ment of GMSAT in each 10-yr period as the z axis,
and use the Somali Jet index in the same period in
SRESA2 as the y axis, and then we obtain 9 dots.
The relationship between the SRESA2 multi-model
ensemble (each single model) Somali Jet intensity and
the increment of GMSAT in 9 periods are depicted in
Fig.4a (Fig.4b). Nine dots in every curve from the
left to the right denote periods 2011-2020, 20212030,
2031-2040, 2041-2050, 2051-2060, 20612070, 2071
2080, 2081-2090, and 2091-2099, respectively.

When the increment of GMSAT is less than 1°C,

Somali Jet will be the
strongest when the increment of GMSAT goes up to

Somali Jet will be weak.

1.5°C. Somali Jet will tend to weaken gradually when
the increment of GMSAT is up to 2-3°C. Somali Jet
will be the weakest when the increment of GMSAT is
up to 3°C. However, the 18 models differ largely in the
description of Somali Jet with the increasing GMSAT.
Most models show that Somali Jet will fluctuate and
then decrease, such as models A, E, H, N, O, and Q.
Results from models C and L show that Somali Jet
will weaken; models B, F, J, P, and R reflect the in-
tensification of Somali Jet; models D, G, I, K, and M
exhibit that Somali Jet will fluctuate. Figure 4 sug-
gests that the relationship between Somali Jet changes
and the increment of GMSAT is so complex and non-
linear that the strongest (weakest) Somali Jet does not
correspond to the largest (smallest) increment of GM-
SAT. Each model describes the response of Somali Jet
intensity to the increment of GMSAT differently.
Climate models, the mathematical expressions

of the climate systems and reasonable physics,
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Fig.4. Time series of the 10-yr average intensity of Somali Jet during 2011-2099 and the corresponding increment of

GMSAT (see the first paragraph of Section 3.4 for the increment definition) from (a) multi-model ensemble and (b) every
single model. Nine points in every curve from the left to the right denote the period 2011-2020, 2021-2030, 2031-2040,
2041-2050, 2051-2060, 2061-2070, 2071-2080, 2081-2090, and 2091-2099. x axis is the increment of GMSAT, and y axis

is the Somali Jet index.

are capable of reconstructing the climate changes in
the present and future. However, our understanding
of the climate systems is limited, and the mathemati-
cal frameworks of the climate systems cannot contain
all the processes. In addition, various climate models
describe the climate systems in different mathemati-
cal frameworks and use different physical parameters.
Furthermore, the greenhouse gases concentration in
SRESAZ2 is hypothetical. These factors will lead to the
model inconsistency with the truth, and will increase
the model uncertainties in projecting the future cli-

mate changes (For discussion about model uncertain-

ties, please refer to Chapters 1, 8, 10, and 11 of the
IPCC AR4 Working Group I Report, at the website:
http://www.ipcc.ch/ipcereports/ard-wgl.htm).

The standard deviation of the Somali Jet index
for each 10-yr period as simulated by the 18 models
of SRESA2 is analyzed in Table 3. It is found that
the uncertainties of the Somali Jet index in each 10-yr
mean do not change significantly, since the standard
deviation of the Somali Jet index remains to be 0.70 m
s~! throughout the whole period 2011-2099. However,
the model uncertainties in GMSAT are different. The
10-yr mean standard deviation of GMSAT increases
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Table 3. Standard deviation (A2std) of the 10-yr mean intensity of Somali Jet (m s™') from the 18 models of
SRESA2 and the increasing magnitude (K) (TASstd) of GMSAT for the period 2011-2099

2011 2021 2031 2041 2051 2061 2071 2081 2091
A2std 0.68 0.74 0.79 0.77 0.73 0.71 0.75 0.69 0.70
TASstd 0.89 0.92 0.93 0.96 0.96 1.00 1.02 1.07 1.13

2011 and 2091 denote the period 2011-2020 and 2091-2099.

from 0.68°C to 1.13°C in the period of 2011-2099,
which means the uncertainties of GMSAT simulated

by various models increase with time.
4. Conclusions

Based on the outputs from 18 IPCC-AR4 ocean-
atmosphere general models for the present climate
simulations (20C3M) and for the future climate simu-
lations (SRESA2), and through comparison with the
NCEP/NCAR reanalysis and ERA-40 data, this in-
vestigation concludes that each of the 18 models and
the multi-model ensemble are able to reproduce the
observational features of Somali Jet and the associated
circulation for the period 1976-1999. Further analy-
sis of the Somali Jet future changes for the period
20052099 suggests that Somali Jet would decrease in
the early 21st century and enhance in the middle 21st
century, and then weaken at the end of the 21st cen-
tury. Compared with the period 1976-1999, Somali
Jet would weaken overall and be the weakest at the
end of the 21st century.

There is a complex and nonlinear relationship
between the Somali Jet changes and the increase of
GMSAT. There is a large discrepancy among mod-
els in the description of the variability of Somali Jet
and the increment of GMSAT of the same period.
It is indicated that the response of Somali Jet in-
tensity to the increment of GMSAT is such that the
strongest (weakest) Somali Jet does not correspond
to the largest (smallest) increment of GMSAT for all
models. However, the multi-model ensemble outputs
could reflect reasonably the common features of most
models. The multi-model ensemble shows Somali Jet
will be the strongest when the GMSAT increases by
1.5°C in the future. Subsequently, Somali Jet will be
weakened to the lowest when the GMSAT increases
by 3°C. In the future, it is important to study the re-
lationship between Somali Jet and the GMSAT, also

the mechanism for the influence of the global warming
on Somali Jet.

The intensity changes of Somali Jet are closely
associated with the variability of the South Asian
monsoon, East Asian monsoon, and summer rainfall
over eastern China. Actually, the complex variabil-
ity of the East Asian and South Asian monsoon has
shown significantly during the past 50 years. There-
fore, future investigations on the relationship between
Somali Jet and the Asian monsoon systems should
be carried out in order to understand their variability

and evolution in the future climate changes.
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