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Global Monsoons
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~2/3 of the population are affected by monsoon



June 10, 2017: CMA radar image, Nanjing
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There is growing evidence of
improved skill of climate models
’ in reproducing climatological

cnmar‘}!}}nﬁ features of the global monsoon.
Taken together with identified
model agreement on future
changes, the global monsoon,
aggregated over all monsoon
systems, is likely to strengthen in
the 21st century with increases in
its area and intensity, while the
monsoon circulation weakens.
Monsoon onset dates are likely to
become earlier or not to change
_ much and monsoon retreat dates
St e fats o it et @ @ are likely to delay, resulting in
lengthening of the monsoon
season in many regions. 7




Future change (%): GMA, GMI & GMP
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Monsoon-related precipitation will significantly increase in a warmer climate

Kitoh, A., H. Endo, K. Krishna Kumar, I. F. A. Cavalcanti, P. Goswami, and T. Zhou, 2013: Monsoons in a changing world: a regional
perspective in a global context. J. Geophys. Res. Atmos., 118, doi:10.1002/jgrd.50258



An increase of moisture convergence due to increased surface

evaporation and water vapor in the air column
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Projected rainfall changes: regional difference and uncertainty
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Uncertainties in S. Asian monsoon projection
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Uncertainty in SA Monsoon Projection

Three scenario: RCP4.5, RCP8.5, 4xCO2
Gray bar: uncertainty from internal variability
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B Multi-model mean: Circulation weakening and rainfall increasing.

B |Large model spread which cannot be explained by internal variability.

Chen, X., and T. Zhou (2015), Distinct effects of global mean warming and regional sea surface warming pattern on projected 13
uncertainty in the South Asian summer monsoon, Geophys. Res. Lett., 42, 9433-9439, doi:10.1002/2015GL066384.



How to understand such large uncertainties in
both circulation and precipitation?

S. Asian monsoon circulation
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Equilibrium Climate Sensitivity: 2CO,
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SA monsoon circulation projection vs ECS across CMIP5 Models
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Higher ECS, weaker circulation. 16



SA monsoon precipitation Projection vs ECS across CMIP5 models

Monsoon rainfall RCP4.5 RCP8.5 4xCO,
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Q1: Weakened monsoon circulation associated with higher ECS?
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v Higher climate sensitivity, warmer upper

tropical troposphere (water vapor
feedback)

weaker meridional thermal contrast ,
weaker tropical easterly jet.

Stronger dry static stability, weaker
Walker circulation as reported previously,
weaker upper level divergence over SA
Rossby wave response to downwelling
over the maritime continent -- weaker
SASM trough
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Q2: Rainfall Uncertainty — Moisture Budget Diagnosis

Inter-model Variance
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Rainfall Uncertainty — Moisture Budget Diagnhosis

Thermodynamic

......................

1 0.19+0.05
0.2740.08

The offset between two
terms: Weaker circulation

but more water vapor .



Uncertainty Mode of Rainfall: Inter-model EOF

Inler model Std Dev
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Cross shading: signal larger than noise

Uncertainty mode: dipole between Indian region (IR) and Indo-China region (ICR)
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Inter-model Anomalies regressed onto PC1
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Interim summary 1

@ Uncertainty in global mean warming (climate sensitivity) can
explain most of the model spread in the projected SASM
circulation except for the rainfall.

@ Failure of global mean warming in scaling the regional rainfall
spread is caused by equivalent effects of weakened circulation
and increased moisture.

@ The spread of SASM rainfall projection is resulted from the
warming uncertainty in the equatorial western Pacific through
modulating inter-hemispheric moisture transport and zonal
temperature gradient over the SASM region.

Chen, X., and T. Zhou (2015), Distinct effects of global mean warming and regional sea surface warming pattern on
projected uncertainty in the South Asian summer monsoon, Geophys. Res. Lett., 42, 9433-9439,
doi:10.1002/2015GL066384. 23



Uncertainties in E. Asian monsoon projection
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June 10, 2017: FY2 cloud image for the flooding along the Yangtze River valley
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Challenges in the simulation of monsoon rain band

CMIP3 CMIP5

(a) CMIP3 AGCM MME - OBS (a) CMIP5 AGCM MME - OBS
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Zhou et al. 2018



Monsoon (Meiyu) rainfall across the models

7-50 Lo b b b b by
7.00 4 -
= 1@ -
g 6.50 1 A n
e . a -
£ 6.00 - O - =
S ] 0O > :
© 550 1 -
=3 ] 8 v B
O i L
8 5.00 1 A X -
o ] XO sk C
4.50 - . -
5 + |
4.00 LI L D L D L
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Model Resolution(degree)
@ GPCP -+ canAM4 >K IPSL-CM5A-LR O FGOALS-s2
> NorESM1-M [C] MPI-ESM-LR /\ MPI-ESM-MR %/ inmcm4
<> HadGEM2-A <@ ACCESS1-0 B> MIROC5 3¢ CCSMm4
£x CESM1-CAM5 () MRI-AGCM3-2H > GFDL-HIRAM-C180[_] GFDL-HIRAM-C360
/\ MRI-AGCM3-2S > CAM5-2d [] cAM5-1d /\ CAM5-0.5d
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East-Asian Summer Monsoon Rainbelt. Journal of Climate 30(21), 8825-8840, https://doi.org/10.1175/JCLI-D-16-0372.1



Moist Static Energy (MSE) budget analysis

<ﬂ>: Fo—<V-VM >-< a)a—h>
ot op
~0 < %> Usually <0 at

dp  deep convection area

oh . .
thus where w <%>>0 represent for ascending motion area

The left hand of upper equation usually =0.Thus the right hand could be
written as:

dh
ﬁ)%z net_<v’VM>

The vertical motion can be estimated as the result of radiation and advection term.

Chou and Neelin 2003; Neelin 2007; Chou et al. 2013 29



Decomposition of horizontal moist enthalpy advection

X=c,T+L,q V=(u,v)

<V-VX >:<M-W>+<M-W>+<?-W>+<?-W>+<v'-VX'>

® Pure zonal mean moist enthalpy advection (small magnitude)
® Advection of stationary eddy energy by the zonal-mean flow
® Advection of zonal-mean energy by eddy flow

® Pure stationary eddy term
® Pure transient term

X’ denotes the deviation from time X (two-month June and July mean for each individual
year), and X* denotes the deviation from the global zonal mean [X]. T and ¢ are listed as
energy units.

Eddy flow: deviation from the global zonal mean

30



Decomposition of total horizontal moist enthalpy advection term
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Dry term versus Moist term
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the enhanced meridional eddy velocity and its convergence in the HRMs



Sensitivity Experiments: Mechanisms

a) HRM minus LRM
; 500 hPa

Shaded: geopotential height
Contour: meridional eddy velocity

(O, .

B - Vector: wave activity flux
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b) CAMS5-1deg minus CAM5-2deg

The differences of Zg and v* between
HRMs and LRMs.

€ Rossby wave like pattern generated
downstream of Tibetan Plateau.

€ WAFs transport eastward from
Tibetan Plateau to far east of North
Pacific ocean.

100E 120E 140E  160E 180
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Schematic of the mechanism for the improvement of high-resolution models

Enhanced and
reasonably reproduced rainfall

High Resolution Models

Weakened and
northward shifted rainfall

Resolution
increased

Low Resolution Models

®Due to increasing model
resolution, a barotropic Rossby
wave like response
downstream of the Tibetan
Plateau is generated.

@[t further intensifies
meridional convergence and
moisture convergence along
the EASM rain belt.

®Thus, the EASM rain belt is
improved in the high-
resolution models.

Yao J., T. Zhou*, Z. Guo, X. Chen et al., 2017: Improved performance of High-Resolution Atmospheric Models in simulatingthe
East-Asian Summer Monsoon Rainbelt. Journal of Climate 30(21), 8825-8840, https://doi.org/10.1175/JCLI-D-16-0372.1



Implications?

Potential underestimation of future monsoon rainfall with CMIP5 models



Dependence of rainfall projection on model resolution
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Difference between N216 and N96 projection: MSE Diagnosis
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Difference between N216 and N96 projection: MSE Diagnosis
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Interim Summary 2

* A Rossby wave like response to realistic orography of
the Tibetan Plateau helps to improve the simulation of
monsoon rainband over East Asia.

* The projections of E. Asian summer monsoon rainfall
has been underestimated by CMIP5 models.

* A higher resolution is favorable for transporting more
moisture to the monsoon front region, thus increasing
the projected rainfall over there.

Chen, X., P. Wu, M.J. Roberts, and T. Zhou*, 2018: Potential underestimation of future Mei-yu rainfall with
coarse resolution climate models. J. Climate, https://doi.org/10.1175/JCLI-D-17-0741.1
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nature LETTERS
Cl imate chzmge https://doi.org /101038 /541558-018-0145-6

Record-breaking climate extremes in Africa
under stabilized 1.5°C and 2 °C global warming
scenarios

Shingirai Nangombe'23, Tianjun Zhou®"2*, Wenxia Zhang ®"2, Bo Wu', Shuai Hu'?, Liwei Zou'
and Donghuan Li'?

* Model data: CESM low warming experiments monthly data

o Extreme events: historical record-breaking climate events examined are:

(1) Extremely hot 2015 over Africa

(2) Extremely hot DJF 2009/2010 in North Africa

(3) Extremely high February 2000 precipitation over southeast Africa
(4) Severe drought of 1991/92 over southern Africa

v'Baseline period of 1976 -2005 is referred to as the present day.

v'The pre-industrial period in this study is 1850-1920.
v'A period of 2071-2100 represents for the 1.5° C and 2° C warming period relative to pre-industrial levels.



1991/92 Southern Africa drought
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Regardless of the insignificant precipitation change projected, excessive warming
alone might increase the probability of similar droughts occurring in warmer worlds

Nangombe Shingirai, Tianjun Zhou*, W. Zhang, B. Wu, S. Hu, L. Zou & D. Li: Record-breaking climate extremes in Africa under
stabilized 1.5C and 2C global warming scenarios. Nature Climate Change (2018) doi:10.1038/s41558-018-0145-6



Extreme rainfall projection



The leading EOF of RX5day in CMIP5 RCP8.5 Projection

(a) MME EOF1 0. T T Ve

Increasing trend is

evident in global

monsoon domains

except for N.

American monsoon

Data: daily precipitation from 27 CMIP5 models: historical + RCP4.5/RCP8.5

Zhang et al., 2018:



The Goal of Paris Climate Agreement

“Holding the increase in the global average temperature to well
below 2°C above pre-industrial levels and pursuing efforts to limit
the temperature increase to 1.5°C, recognizing that this would
significantly reduce the risks and impacts of climate change”.

Nations uries
Conférence sur les Changements Climatiques :
T What are the reduced

Paris-France «
(7 }

exposure to extreme

precipitation in 0.5° C

less warming?
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Response of extreme precipitation to warming in CMIP5 Models
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Zhang et al., 2018:



Changes in return periods under warming conditions

Return periods of historical (1950-2005) once-in-20-year Rx5day events
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Shorter return periods for dangerous extremes are expected under further warming conditions.

Zhang etal., 2018:



Exposure (%)

Avoided impacts (%)

Increases in exposure with global warming levels
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More remarkable
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Zhang et al., 2018:
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€ South African, South Asian, and East Asian monsoon regions
would benefit most from the 0.5° Cless warming.

Zhang etal., 2018:



Interim Summary 3

1. Both the mean state and variability of extreme precipitation would
increase with warming, corresponding to the rightward shift and
widening of the PDF, respectively.

2. Shorter return periods for dangerous extremes are expected under
warming conditions, leading to increases in both areal and population
exposures to dangerous extremes.

3. The 0.5° C less warming would reduce areal and population
exposures to dangerous extreme precipitation (once-in-10/20-year)
events by ~20-40%, for the global land monsoon region.

4. South African, South Asian, and East Asian monsoon regions would
benefit most from the 1.5° C low warming target, in terms of reduced
exposure to dangerous extremes.

We highlights the benefits of the 1.5° C low warming target in terms of lower
exposure to dangerous precipitation extremes for the populous monsoon
regions.

Zhang W., T. Zhou*, L. Zou, L. Zhang, X. Chen, 2018: Reduced exposure to extreme precipitation by 0.5° C less
warming for global land monsoon regions . Nature Communication (in press)



Taking home messages

@ Projected changes of global land
monsoon rainfall do not scale with global
mean surface temperature.

€ SST gradient associated with ECS can
dominate regional patterns.

@ High resolution is needed for the
projection of monsoon rainfall.

@ Limiting global warming to 1.5°C
instead of 2.0°C would reduce exposures
to precipitation extremes in global land

monsoon domain.



