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HI	  :	  Human	  Impact　←　includes	  anthropogenic	  impact	  on	  terrestrial	  water	  cycle	
　　　(Human	  Interven9on)　　                                        Irriga2on	  (river	  and	  groundwater)・reservoir	  opera2on	  
	  	  NAT	  :	  Naturalized	  	  	  	  ←　natural	  but	  not	  real	  any	  more!!	  	



3	

To	  accommodate	  changing	  drought	  
Back	  ground	

•  Its	  spa2ally-‐temporally	  	  large	  scale	  impact	  causes	  appreciable	  economic/human	  damage.	  
•  Seriousness	  and	  spa2al	  distribu2on	  of	  drought	  would	  be	  altered	  due	  to	  change	  in	  

hydrometeorological	  cycle.	  	  	  

•  alleviates	  impact	  due	  to	  natural	  variability	  and	  aims	  to	  stable	  water	  supply	
•  has	  poten2al	  to	  be	  a	  effec2ve	  measure	  to	  avert	  altered	  drought	  	  	  

Changing	  drought	  under	  climate	  change	

① Understanding	  about	  Change	  characteris2cs	  of	  drought	  
② Projec2on	  of	  vulnerable	  regions	  
③ Understanding	  of	  our	  adapta2on	  capability	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (effec2vity	  of	  water	  resource	  management)　　　	  

Need	  strategic	  prepara2on	  for	  this	  undesirable	  change	  !!	  	  It	  requires…	  

Water	  resource	  management	  (WRM)	  as	  adapta9on	  
tool	

Impact	  assessment	  of	  climate	  change	  about	  drought	  which	  considers	  
anthropogenic	  effect	  on	  terrestrial	  hydrological	  cycle	  is	  s9ll	  limited!!	

However,	
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Climate	  Change	  
with	  HI	  	

Future	  
Anthropogenic	  

Impact	

Lack	  of	  considera2on	  of	  human	  impact	  in	  drought	  study	

Döll et al. [2009]	

Wada et al. [2013]	
Prudhomme et al. [2011]	

Lehner et al. [2006] 
Döll and Schmied [2012]	

Döll and Zhang [2010]	

Climate	  Change	  
with	  NAT	

Present	  
Anthropogenic	  

Impact	

•  Impact	  assessment	  of	  climate	  change,	  especially	  about	  drought	  (Low	  flow),	  considering	  
anthropogenic	  effect	  on	  terrestrial	  water	  cycle,	  is	  quite	  limited.	  	

【Proceeding	  Global-‐Scale	  Studies】	

Hirabayashi	  et	  al.	  [2008]	  
Feyen	  and	  Dankers	  [2009]	  
Arnell	  and	  Gosling	  [2013]	  
Wanders	  and	  van	  Lanen	  [2013]	  
Van	  Huijugevoot	  et	  al.	  [2014]	  

etc	  …	

Back	  ground	
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Our	  Challenges	

1.   How	  will	  the	  drought	  be	  with	  regards	  to	  the	  climate	  change?	  

2.   How	  capable	  is	  our	  society	  with	  regards	  to	  the	  drought	  change?	  	  

3.   When	  will	  the	  drought	  change	  be?	  	

Purpose	

・Spa2al	  characteris2cs	  of	  change	  and	  uncertainty	  of	  predic2on	  
・Trend	  analysis	  for	  regional	  scale	  
・Effect	  of	  water	  resource	  management	  (WRM)	  on	  drought	  change	  
・Es2ma2on	  of	  2me	  lep	  for	  prepara2on	  for	  drought	  change	  

-‐	  In	  this	  presenta9on	  we	  try	  to	  reveal	  -‐	



Land	  surface	  model	
HiGW-‐MAT	

[Pokhrel	  et	  al.	  2011]	

Method	

[Takata	  2003]	

LSM	

Ground  water  �Ground  water  �

Effect	  of	  WRM	  on	  Stream	  drought	
(a)	  Mississippi	 (b)	  Danube	

GRDC	 GRDC	

Hi
GW

-‐M
AT

	

The	  number	  of	  drought	  day	  per	  year	

Naturalized	  hydrological	  cycle	 Anthropgenic	  water	  resource	  management	  (WRM)	

Acceptable	  reploducibility	  as	  a	  large	  scale	  model	

（Valida2on	  ）	

[Hanasaki	  2008，2010]	

　	
Effect	

River	   Crop	  land	

Withdrawal	  
(River	  
irriga9on,	  dom,	  
ind)	

　Discharge	  decrease↓	
　Get	  wet,	  	  
　evapora2on	  will	  increase	  ↑	  
　runoff	  may	  increase↑	  
	  
　Supply	  water	  	  	  
　through	  river	  irriga2on	  

Ground	  
water	  
irriga9on	

　Discharge	  may	  increase	  ↑	

Reservoir	  
opera9on	

　Mi2gate	  low	  flow↑	



Daily	  variable	  threshold	  method　　[Stahl	  et	  al.,	  2001]	
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Hydrological	  Drought	

・ Every	  grid	  and	  every	  day	  has	  own	  threshold	  by	  moving	  window	  sampling	  
                           　　　	  

　　 window	  size：31day/yr	  
	  	  	  	  	  	  	  Period	  	  	  	  	  	  	  	  	  	  	  :20yr　 	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  620	  sample	  
 　　	  
　　 threshold	  　 ：low	  80	  percen2le	  	  
	  

•  Stream	  drought	  
•  If	  daily	  discharge	  is	  less	  equal	  than	  threshold,	  the	  day	  is	  drought	  day	  
	  

　　　・	  Remove	  shorter	  drought	  event	  than	  7	  days	  
	  

　　　・Interpolate	  shorter	  interrup2on	  than	  4	  days	  which	  is	  between	  two	  drought	  events,	  	  
	  	  	  	  	  	  	  	  	  	  and	  concatenate	  them	  
•  The	  number	  of	  drought	  days	  per	  year	  (DDyr)	  is	  analyzed	  here.	  

Defini9on	  of	  “Drought”	  

[IT	  method;	  Fleig	  2006	  ]	

Method	
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•  Analysis period　 ：  1980-‐2099　(120yr)	

•  Scenario            ：　RCP8.5	

•  Spatail resolution ：  0.5°×0.5°	

•  Forcing　　             　：　ISI-‐MIP※1	  forcing	  data	

【Assumption】	

•  Future	  spa2al	  distribu2on	  of	  Land	  use	  （Irriga2on	  area，Reservoir） is	  same	  as	  
that	  of	  year	  2000	  

•  Unlimited	  ground	  water	  pumping	

Historical	  	  	  1980-‐1999	  
	  Future 	  	  	  	  2000-‐2099	  

[Hempel	  et	  al.	  2013]	  

※１：	  Inter-‐Sectoral	  Impact	  Model	  Intercomparison	  Project	  

Long-‐term	  con2nuous	  off-‐line	  simula2on	  with	  5GCMs	

Simula2on	  seNng	
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Change	  of	  drought	  days	  due	  to	  climate	  change　	

1980-‐1999	  vs	  2080-‐2099　	

・Increase	  by	  more	  than	  90	  days	  in	  N.	  America,	  S.	  America,	  Central	  Africa,	  Europe～Asia	  
	  

　　　More	  than	  twice	  (except	  Western	  USA)	  
　　　Corresponds	  to	  highly	  populated	  area	   ⇒　Vulnerable	  area	  for	  drought	  	  

Difference	  [day]　（21c－ 20c）	 Ra2o[%]　（21c/20c）	

・ Drought	  will	  increase	  in	  70.4%	  in	  global	  land	  area，	  decrease	  in	  23.9%	  	  
	   	   	   	   	  	  （ NAT:	  increase	  in	  81.6%，	  decrease	  in	  15.7%	  ）	

・Absolute	  change	  in	  increase	  is	  larger	  than	  that	  in	  decrease.	  	

HI,	  RCP8.5	  	  
Ensemble	  Mean	  of	  5GCMs	

Result	  1	



－－－－－	 －－－－＋	 －－－＋＋	 －－＋＋＋	 －＋＋＋＋	 ＋＋＋＋＋	

Std	  in	  change	  of	  DDyr	  between	  5GCMs	

10	  

Uncertainty	  evalua9on　	

[day]	

Agreement	  of	  increase-‐decrease	  trend	  between	  5	  GCMs　（Lep）	

Standard	  devia9on	  of	  change	  between	  5	  GCMs　（Right）	

•  Agreement	  in	  increase	  trend	  is	  good	  　(Especially	  dis2nct	  increase	  show	  even	  beuer	  agreement)	  	  
	  	  → Projec9on	  of	  large	  increase	  tends	  to	  be	  robust.	  

•  Decrease	  around	  low-‐middle	  la2tude	  show	  worse	  agreement	

•  Change	  vary	  much	  even	  if	  all	  GCM	  agree	  	  	  	  (Par2cularly	  variability	  is	  large	  in	  Amazon	  and	  Sub-‐Sahara.)	  
•  Areas	  where	  drought	  will	  increase	  due	  to	  precipita2on	  decrease	  have	  small	  variability,	  

	  → expressing	  beuer	  robustness.	  
•  Central-‐Asia	  where	  drought	  increase	  because	  of	  evapora2on	  increase	  also	  shows	  small	  variability	  

Agreement	  between	  5GCMs	
1980-‐1999	  vs	  2080-‐2099　	

HI,	  RCP8.5	  	  
Ensemble	  Mean	  of	  5GCMs	

Result	  2	



Hist	  :	  1980-‐1999	  
Mid	  :	  2045-‐2064	  
Far	  	  	  :	  2080-‐2099	

Drought	  days	  
	  (0-‐365)	

•  Change	  of	  quar2le	  range	  vary	  one	  region	  to	  another	  
•  Most	  region	  show	  increase	  of	  median	  

•  Change	  rate	  differ	  by	  region	  
•  Majority	  of	  region	  show	  larger	  increase	  in	  early	  half	  of	  21c	  (19/26)	  

Trend	  analysis	  for	  regional	  scale	
【Sample： Every	  grid	  in	  each	  region	  ×	  20yr】	  

-‐	  Change	  in	  median	  and	  quar2le	  -‐	  

Result	  3	
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Time	  series	  varia2on	  of	  regional	  median	

Year	  	  (1980-‐2099)	  

Anomaly	  	  
from	  average	  	  

of	  historical	  period	  
[day]	

HI	  　simula9on	  	  
Nat	  simula9on	  

@	  Western	  USA	  

Anthropogenic	  water	  resource	  management	  can	

•  Alleviate	  interannual	  varia2on	  → alleviate	  uncertainty	  of	  projec2on,	  too	  
•  Alleviate	  increase	  rate          　       → Many	  proceeding	  study	  

overes2mate	  ??	

Line	  	  	  　： GCM	  Ensemble	  mean	  
	  Shade	  ： uncertainty	  range	  
　　　　　　（Max/min	  in	  ５GCM）	

【HI	  vs	  NAT】	  

200	

150	

100	

50	

0

-‐50	
1980	  	  	  	  	  	  	  	  	  	  	  	  2000	  	  	  	  	  	  	  	  	  	  	  	  	  2020	  	  	  	  	  	  	  	  	  	  	  	  2040	  	  	  	  	  	  	  	  	  	  	  	  	  2060	  	  	  	  	  	  	  	  	  	  	  	  2080	  	  	  	  	  	  	  	  	  	  	  2099	

Result	  4	



•  Almost	  linear	  increase	  in	  many	  region.	  　（Except	  region	  14,16,18,23,24,26.	  Decrease	  in	  region	  2）	

•  Water	  resource	  management	  alleviate	  short-‐term	  varia2on	  and	  long-‐term	  change	  .	  

Time	  series	  varia9on	  of	  regional	  median	

1980-‐2099　（129yr）	  

Change	  rate,	  besides	  absolute	  change,	  is	  very	  important	  in	  terms	  of	  adapta2on.	24	  

HI	  　simula9on	  	  
Nat	  simula9on	  
Line	  	  	  　： GCM	  Ensemble	  mean	  
	  Shade	  ： uncertainty	  range	  
　　　　　　（Max/min	  in	  ５GCM）	
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The	  number	  of	  drought	  days	  per	  year	  (DDyr)	  [day]	 Change	  of	  Ddyr	  [day]	
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※PDF	  is	  given	  by	  	  
	  	  	  	  Kernel	  density	  es2ma2on	  

PDF	  of	  change	  of	  DDyr	  in	  each	  grid	  (Global)	  	

Change	  due	  to	  climate	  change	  is	  more	  moderate	  and	  prac9cally	  it’s	  easier	  to	  adapt	  	  
	  in	  world	  with	  water	  resource	  management	  than	  naturalized	  world.	

•  Higher	  frequency	  of	  more	  DDyr	  in	  HI	  in	  historical	  period.	  
•  Small	  increase	  of	  frequency	  in	  larger	  (100~250day)	  DDyr	  in	  HI	  　 (Lep)	  
•  Alleviate	  increase	  of	  frequency	  in	  larger	  change	  of	  DDyr	  in	  HI　   (Right)	  

HI	  shows	  …	  	  
	  	  	  	  	  	  	  than	  NAT.	

Lower	  frequency	  	  
In	  large	  increase	

Higher	  frequency	  	  	  
in	  small	  increase	Higher	  frequency	  

In	  decrease	

PDF	  of	  DDyr	  (Global)	
HI	  vs	  NAT	  in	  probability	  distribu2on	

【HI	  vs	  NAT	  about	  change	  due	  to	  climate	  change】	  

Result	  5	



Maximum	

Minimum	

Experienced	  
range	

Historical	  
period	
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•  Exis2ng	  infrastructures	  are	  planed	  empirically/sta2s2cally	  based	  on	  historical	  data	  
•  If	  sta2s2cal	  characteris2cs	  will	  get	  different	  from	  historical	  one,	  new	  countermeasure	  

would	  be	  required	

Time	  series	  of	  regional	  mean	  of	  DDyr	

Back	  ground	

Timing	  of	  percep9on	  change	  for	  drought	  (TPCD)	
When	  will	  drought	  sik	  into	  unprecedented	  phase?	

•  Timing	  at	  which	  drought	  deviate	  from	  experienced	  range	  and	  never	  return	  the	  range	  
•  Analyzed	  2me	  series	  of	  regional	  mean	  

How	  long	  is	  the	  9me	  lek	  for	  us	  to	  prepare	  for	  the	  change?	

[Mora	  et	  al.	  2013]	

Result	  6	



TPCD：When	  will	  drought	  sik	  into	  unprecedented	  phase?	

[yr]	

Remaining	  9me	  for	  some	  region	  to	  prepare	  for	  the	  change	  are	  short.	  
we	  need	  strategic	  plan	  and	  prompt	  ac9on.	  	

2095	
2031	

2017	

2046	 2055	

2066	

2053	 2081	

2006	
2028	

2058	

2044	

2027	

2056	

2032	
No	

2036	

2071	

2024	
2036	 2026	 2027	

No	

No	

2095	

2047	
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•  Especially	  early	  TPCD	  are	  projected	  around	  Chile(2006)，Western	  USA	  (2017)，             
The	  mediterranean	  region	  (2027)，Middle	  East(2024),	  China(2026,2027),	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Central	  Asia(2036)，	  

•  The	  analysis	  indicates	  that	  13	  out	  of	  26	  regions	  show	  significant	  signal	  un2l	  2050’s	  even	  
considering	  the	  spread	  of	  ensemble	  GCM	  projec2ons	  and	  will	  experience	  
unprecedented	  drought	  condi2on.	  

Std	  of	  TPCD	

Result	  6	
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Summary	
1.   How	  will	  drought	  in	  global	  change	  under	  climate	  change?	  

•  Drought	  will	  increase	  in	  70.4%	  in	  global	  land	  area	  	  
•  Increase	  by	  more	  than	  90	  days	  in	  N.	  America,	  S.	  America,	  Central	  Africa,	  

Europe～Asia	  
•  Projec2on	  of	  large	  increase	  tends	  to	  be	  robust.	  
•  Majority	  of	  region	  show	  larger	  increase	  in	  early	  half	  of	  21c	  

2.   How	  and	  how	  much	  is	  current	  our	  society’s	  adap9ve	  capacity	  against	  
expected	  drought-‐increase?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  　　　　　　　　　　　　　　　　　　	  
•  Water	  withdrawal	  accelerates	  low	  flow	  and	  lead	  drought	  
•  Water	  resource	  management	  alleviate	  short-‐term	  varia2on	  and	  long-‐

term	  change	  .	  
	  

3.   How	  long	  is	  the	  remaining	  9me	  for	  us	  to	  prepare	  for	  the	  change?　	  
•  13	  out	  of	  26	  regions	  show	  significant	  signal	  un2l	  2050’s	  even	  considering	  

the	  spread	  of	  ensemble	  GCM	  projec2ons	  	  
•  we	  need	  strategic	  plan	  and	  prompt	  ac2on	
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Remarks	
•  Regarding	  “change	  trend	  ”and	  “strong	  signal”,	  we	  can	  discuss	  in	  a	  experimental	  

framework	  with	  existent	  large-‐scale	  model.	  
→  Strategic	  plan	  is	  indispensable	  for	  drought	  management	  because	  it	  takes	  long	  

2me	  and	  cost	  huge	  sums	  of	  money.	  
→  To	  understand	  climate	  change	  as	  a	  global	  problem,	  we	  need	  both	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

small	  and	  	  large	  scale	  informa2on.	  	  	  	  
	
•  In	  order	  to	  plan	  prac2cal	  adapta2on	  strategy,	  we	  have	  to	  provide	  more	  

informa2on.	  Good	  quan2ta2ve	  informa2on.	  	  「How	  much	  and	  what	  do	  we	  need	  to	  
prepare??」	  
→  Besides	  reproducibility	  of	  forcing	  data,	  due	  to	  special	  resolu2on,	  it	  is	  difficult	  

to	  explain	  projec2on	  of	  large-‐scale	  LSM	  quan2ta2vely.	  
→  With	  high	  resolu2on	  in	  mind,	  improvement	  of	  model	  is	  necessary.	  
	  

•  Balance	  between	  demand	  and	  supply	  is	  key	  in	  next	  step	  
•  Stream	  drought	  here	  is	  just	  natural	  phenomenon,	  and	  it	  may	  not	  be	  disaster.	  

•  strong	  signal	  of	  increase	  in	  stream	  drought	  indicate	  less	  terrestrial	  water,	  
sugges2ng	  the	  possibility	  of	  increase	  in	  risk	  of	  drought	  as	  disaster.	  

•  More	  direct	  way	  to	  project	  change	  in	  drought	  risk	  is	  need.	  
•  Es2ma2on	  of	  demand	  is	  the	  biggest	  charange.	  	  
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Thank	  you	  for	  listening.	  
Any	  ques2on	  or	  sugges2on??	  

-‐	  Summary	  -‐	
1.   How	  will	  drought	  in	  global	  change	  under	  climate	  change?	  

•  Drought	  will	  increase	  in	  70.4%	  in	  global	  land	  area	  	  
•  Increase	  by	  more	  than	  90	  days	  in	  N.	  America,	  S.	  America,	  Central	  

Africa,	  Europe～Asia	  
•  Projec2on	  of	  large	  increase	  tends	  to	  be	  robust.	  
•  Majority	  of	  region	  show	  larger	  increase	  in	  early	  half	  of	  21c	  

2.   How	  and	  how	  much	  is	  current	  our	  society’s	  adap9ve	  capacity	  
against	  expected	  drought-‐increase?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  　　　　　　　　　　　　　　　　　　	  
•  Water	  withdrawal	  accelerates	  low	  flow	  and	  lead	  drought	  
•  Water	  resource	  management	  alleviate	  short-‐term	  varia2on	  and	  long-‐

term	  change	  .	  
	  

3.   How	  long	  is	  the	  remaining	  9me	  for	  us	  to	  prepare	  for	  the	  change?　	  
•  13	  out	  of	  26	  regions	  show	  significant	  signal	  un2l	  2050’s	  even	  

considering	  the	  spread	  of	  ensemble	  GCM	  projec2ons	  	  
•  we	  need	  strategic	  plan	  and	  prompt	  ac2on	


