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Improve	
  our	
  understanding	
  of	
  the	
  nature	
  and	
  causes	
  of	
  past/future	
  droughts

Dr
ie
r

Unprecedented	
  21st	
  century	
  drought	
  risk	
  in	
  the	
  
American	
  SW	
  (Cook	
   et	
  al.	
  2015)

Motivation

Climate models project unprecedented drought
risk and increased aridity

Science questions:

• Are changes in drought behavior becoming
increasingly driven by human forcing?

• Can we identify these human-­‐induced changes
in observed climate records?

à Focused first on large-­‐scale precursors of
droughts and long-­‐term trends



Moisture supply:	
  
Precipitation Evaporative	
  demand

Gradual	
  change	
  in
mean

#1.	
  Discernable	
  human-­‐induced	
  
changes	
  in	
  the	
  observed	
  rainfall	
  

patterns
Marvel	
  and	
  Bonfils 2013

Gradual change	
  in	
  
variance

Influences	
  on	
  droughts/aridification



How	
  do	
  we	
  identify	
  a	
  human	
  influence	
  on	
  global	
  precipitation?



Santer	
  et	
  al	
  2007

Thermodynamic

Seidel	
  et	
  al	
  2007

Dynamic Coupled
Alexander	
  2011

Land-­‐atm feedbacks

Intensification	
  of	
  current	
  zonal	
  
wet-­‐dry	
  patterns	
  

Latitudinal	
  redistribution	
   of	
  
global	
  precipitation	
  	
  

First,	
  we	
  need	
  to	
  identify	
  some	
  mechanisms	
  that are	
  expected	
  to	
  drive	
  the	
  
future	
  changes	
  in	
  P
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First,	
  we	
  need	
  to	
  identify	
  some	
  mechanisms	
  that are	
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  drive	
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future	
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  in	
  P



Then,	
  we	
  pick	
  a	
  mechanism	
  and	
  tried	
  to	
  detect	
  a	
  human	
  influence	
  
Eg:	
  Natural	
  and	
  Human	
  Influences	
  on	
  Changing	
  Zonal-­‐Mean	
  Precipitation	
  (Marvel	
  &	
  Bonfils,	
  2013	
  PNAS)

Zonal-­‐Mean	
  winter	
  Precipitation

Theories	
  and	
  climate	
  projections	
  predict	
  a	
  latitudinal	
  intensification and	
  poleward
shifts	
  of	
  global	
  precipitation

=	
  Distortion	
  of	
  the	
  curve	
  in	
  response	
  to	
  human	
  forcing

Human	
   fingerprint	
  =	
  expected	
   response	
  to	
  
human	
  forcings	
  from	
  70+	
  CMIP5	
  runs	
  of	
  
historical	
   climate	
  change	
  (1980-­‐2012)
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SIGNAL	
  time-­‐series	
  =	
  measure	
  of	
  
similarity	
  between	
  obs and	
  fingerprint

Positive	
  trend:	
  fingerprint	
  is	
  present	
  
and	
  growing	
  in	
  the	
  observations



Projection	
  of	
  observed Intensity	
  and	
  Position	
  anomalies

SIGNAL	
  time-­‐series	
  =	
  measure	
  of	
  
similarity	
  between	
  obs and	
  fingerprint



NOISE	
  time-­‐series	
  (no	
  reason	
  to	
  
project,	
  except	
  by	
  chance)	
  

33-­‐year	
  
observed	
  
trend

Projection	
  of	
  20k	
  yrs of	
  unforced Intensity	
  and	
  
Position	
  anomalies



Observed	
  trend	
  cannot	
  be	
  explained	
  by	
  internal	
  variability

33-­‐year	
  
observed	
  
trend

2.5% 2.5%

Distribution	
  of	
  
33-­‐yr	
  unforced	
  
trends	
  (world	
  
without	
  us)

NOISE	
  time-­‐series	
  (no	
  reason	
  to	
  
project,	
  except	
  by	
  chance)	
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#1	
  We	
  detected	
  a	
  human	
  influence	
  on	
  changing	
  zonal-­‐mean	
  precipitation

q Detection:	
  The	
  observed	
  
intensification	
  +	
  poleward	
  
expansion	
  of	
  zonal	
  P	
  cannot	
  be	
  
explained	
  by	
  climate	
  noise	
  alone.

q Attribution:	
  The	
  observations	
  
matches	
  predictions	
   from	
  
simulations	
  with	
  combined	
  
natural	
  and	
  human	
   forcings



Moisture supply:	
  
Precipitation Evaporative	
  demand	
  

Gradual	
  change	
  in
mean Marvel	
  and	
  Bonfils 2013

Gradual change	
  in	
  
variance

#2.	
  Increase	
  in	
  ENSO-­‐driven	
  
precipitation	
  variability

Bonfils	
  et	
  al.	
  2015

Influences	
  on	
  droughts



Bonfils C, B Santer, T Phillips, K Marvel, R Leung, C Doutriaux, A Capotondi, 2015. J. Clim

Goal

Results

Additional
P	
  response	
   to	
  

ENSO
in	
  the	
  future	
  

between	
  the	
  
20th and	
  21st
century

between	
  the	
  
20th and	
  21st
century Wet	
  gets	
  

wetter

In
te
ns
ifi
ca
tio

n
Basic 20th century	
  
P	
  response	
   to	
  
ENSO	
  events

El	
  Niño

ENSO	
  	
  is	
  the	
  main	
  trigger	
  of	
  precipitation	
  variability
• Models	
  do	
  not	
  agree	
  on	
  how	
  ENSO	
  characteristics	
  will	
  evolve	
  in	
  the	
  future

Unclear	
  whether	
  the	
  precipitation	
  response	
  to	
  ENSO	
  will	
  change	
  in	
  the	
  future,	
  even	
  if	
  ENSO	
  remains	
  
unchanged
• Non-­‐uniform	
  warming	
  in	
  tropical	
  Pacific	
  Ocean
• Atmospheric	
  circulation	
  change
• Moister	
  atmosphere

In	
  the	
  21st century,	
  ENSO-­‐driven	
  precipitation	
  variability	
  is	
  intensified



Moisture supply:	
  
Precipitation Evaporative	
  demand	
  

Gradual	
  change	
  in
mean

Marvel	
  and	
  Bonfils 2013
#3.	
  Most	
  regions	
  where	
  
aridity/moistening	
   is	
  
currently	
  regulated	
  by	
  
ENSO	
  variability	
  will	
  

become	
  more	
  arid	
  in	
  the	
  
future

Bonfils	
  et	
  al.	
  2016Gradual change	
  in	
  
variance

Bonfils	
  et	
  al.	
  2015

Influence	
  on	
  droughts



Use	
  different	
  sets	
  of	
  experiments	
   to	
  assess	
  the	
  
impact	
  of:

1)	
  Ocean	
  warming	
  (+Warming,	
  mean=4K)

2)	
  Plant	
  fertilization	
   to	
  rising	
  CO2	
  (+VEG)

3)	
  “fast”	
  radiative	
   forcing	
  from	
  enhanced	
  CO2	
  (+RAD)

Objectives

Investigate	
  the	
  contributions	
  from:

• changes	
  in	
  precipitation vs.	
  evaporative	
  demand
• Changes	
  in	
  mean	
  aridity	
  vs.	
  ENSO	
  variability

Approach

• Identify	
  regions	
  where	
  aridity	
   is	
  historically	
  
sensitive	
   to	
  ENSO

• Find	
  regions	
  where	
  the	
  future	
  changes	
  in	
  
mean	
  aridity	
  exceeds	
   the	
  range	
  of	
  ENSO	
  
variability

à 6	
  measures	
  of	
  terrestrial	
   aridity	
  
à P/(P+Eo),	
  CMI,	
  PDSI,	
  2	
  SM	
  indices,	
  runoff

#3	
  Influence	
  of	
  anthropogenic	
  climate	
  change	
  on	
  regional	
  aridity

CMI= (P / PET) -1 when P < PET
CMI= 1- (PET / P) when P > PET



• Future	
  aridity	
  predicted	
  in	
  ∼67-­‐72%	
  of	
  the	
  regions	
  where	
  aridity	
  is	
  currently	
  driven	
  by	
  ENSO	
  variability

#3	
  Influence	
  of	
  anthropogenic	
  climate	
  change	
  on	
  regional	
  aridity
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• Future	
  aridity	
  predicted	
  in	
  ∼67-­‐72%	
  of	
  the	
  regions	
  where	
  aridity	
  is	
  currently	
  driven	
  by	
  ENSO	
  variability
• It	
  reaches	
  ∼75-­‐78%	
  when	
  the	
  vegetation	
  and	
  radiative	
  effects	
  are	
  included
• This	
  prediction	
  is	
  much	
  weaker	
  when	
  total	
  soil	
  moisture	
  is	
  considered	
  (41%):	
  stomatal	
  closure	
  

prevents	
  soil	
  desiccation
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On	
  the	
  natural	
  and	
  human	
  influences	
  in	
  changes	
  in	
  aridity	
  /droughts?

≈	
  RCP8.5

Polar	
  desert

Desert

Evergreen	
  boreal	
  forest
Deciduous	
   forest

Broad-­‐leaf	
   forest

Semi-­‐aridTrop.	
  Dry/	
  savanna
Rainforest

Trop.	
  Moist

Tundra

Temp.	
  wet	
  
summer	
  
evergreen	
  
forest	
  

Trop.	
  Dry/	
  savanna

• Changes	
  in	
  latitudinal	
  distribution	
  of	
  Köppen	
  vegetation	
  types.	
  Single	
  metric	
  that:
• Summarizes	
  the	
  changes	
  in	
  climate	
   that	
  are	
  ecologically	
   relevant
• Is	
  sensitive	
   to	
  thresholds	
  and	
  features	
  of	
  the	
  seasonal	
  cycle	
   in	
  temperature	
  and	
  precipitation

http://koeppen-­‐geiger.vu-­‐wien.ac.at/



On	
  the	
  natural	
  and	
  human	
  influences	
  in	
  changes	
  in	
  aridity	
  /droughts?

• Changes	
  in	
  latitudinal	
  distribution	
  of	
  Köppen	
  vegetation	
  types.	
  

• Arctic	
  sea	
  ice	
  loss	
  could	
  favor	
  drying	
  in	
  California	
  (Cvijanovic	
  et	
  al	
  2017)

Snow	
  grain	
  radius	
  tuning	
  parameter,	
  thermal	
  
conductivity	
  of	
  snow,	
   snow	
  melt	
  maximum	
  
radius

Sea	
  ice	
  (September)
Figure 1: Simulated sea ice loss 
and corresponding precipitation 
changes. !
(a),(b): September monthly mean 
sea ice concentrations over Arctic 
and Antarctic. Contour lines 
indicate the areas with sea ice 
fractions larger than 15%. Thick 
line: control (black) and ‘low 
ice’ (purple) ensemble means. 
Thin purple lines: individual ‘low 
ice’ simulations.!
For a comparison, in shading are 
shown 1992-2001 observed 
(SSMI) monthly mean sea ice 
concentrations for September 
(data obtained from the Center for 
Satellite Exploitation and 
Research-CERSAT).!
(c) December-February (DJF) 
precipitation difference between 
‘low ice’ and control (showing the 
ensemble mean changes). 
Stippling indicates changes that 
are statistically significant at the 
90% confidence level. Arctic sea 
ice loss leads to a northward shift 
in tropical precipitation and 
substantial drying over California 
and southwest United States.!
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Winter	
  precipitation

Geopotential height

CESM	
  ensemble	
  of	
  simulations	
  with	
  seasonally	
  ice	
   free	
  Arctic	
  (by	
  sampling	
  
model	
  uncertainty	
  in	
  3	
  sea-­‐ice	
  physics	
  parameters	
  +	
  initial	
   conditions)	
  -­‐

2-­‐step	
  teleconnection:	
  
1. Northward	
  shift	
  in	
  ITCZ
2. Tropical	
   convection	
  reorganization	
  favors	
  a	
  persistent	
  

ridge	
  over	
  North	
  Pacific	
  coast



On	
  the	
  natural	
  and	
  human	
  influences	
  in	
  changes	
  in	
  aridity	
  /droughts?

• Changes	
  in	
  latitudinal	
  distribution	
  of	
  Köppen	
  vegetation	
  types.	
  

• Arctic	
  sea	
  ice	
  loss	
  could	
  favor	
  drying	
  in	
  California	
  (Cvijanovic	
  et	
  al	
  2017)

• D&A	
  considering	
  the	
  impact	
  of	
  GHG,	
  AA,	
  volcanic	
  activity	
  on	
  large-­‐scale	
  changes	
  in	
  P,	
  T	
  &	
  drought	
  index

Snow	
  grain	
  radius	
  tuning	
  parameter,	
  thermal	
  
conductivity	
  of	
  snow,	
   snow	
  melt	
  maximum	
  
radius



Flash	
  droughts

Snow	
  grain	
  radius	
  tuning	
  parameter,	
  thermal	
  
conductivity	
  of	
  snow,	
   snow	
  melt	
  maximum	
  
radius

Large-­‐scale	
  precursors	
  à changes	
  occurring	
  over	
  land,	
  at	
  regional	
  scale

Monthly	
  à daily	
  data

Change	
  in	
  variable	
  à Change	
  in	
  frequency,	
  duration	
  and/or	
  intensity

Ideal	
  coverage	
  period:	
  ideally	
  1948	
  – 2017

Need	
  a	
  metric	
  easy	
  to	
  capture	
  in	
  both	
  CMIP	
  simulations	
  and	
  observations

• We	
  find	
  that	
  the	
  characterization	
  of	
  flash	
  droughts	
  can	
  be	
  
regionally	
  dependent

• However,	
  within	
  a	
  same	
  region,	
  the	
  characterization	
  of	
  
flash	
  droughts	
  could	
  change	
  with	
  time	
  (i.e.	
  forcings).

• A	
  change	
  in	
  SM	
  or	
  Eo mean	
  state	
  	
  could	
  trigger	
  flash	
  
droughts	
  that	
  could	
  occur	
  earlier	
  and	
  /	
  or	
  more	
  frequently

Lukas,	
  Hobbins,	
  Rangwala



Supplemental	
  
Materiel



Snow	
  grain	
  radius	
  tuning	
  parameter,	
  thermal	
  
conductivity	
  of	
  snow,	
   snow	
  melt	
  maximum	
  radius

Sea	
  ice	
  (September)
Figure 1: Simulated sea ice loss 
and corresponding precipitation 
changes. !
(a),(b): September monthly mean 
sea ice concentrations over Arctic 
and Antarctic. Contour lines 
indicate the areas with sea ice 
fractions larger than 15%. Thick 
line: control (black) and ‘low 
ice’ (purple) ensemble means. 
Thin purple lines: individual ‘low 
ice’ simulations.!
For a comparison, in shading are 
shown 1992-2001 observed 
(SSMI) monthly mean sea ice 
concentrations for September 
(data obtained from the Center for 
Satellite Exploitation and 
Research-CERSAT).!
(c) December-February (DJF) 
precipitation difference between 
‘low ice’ and control (showing the 
ensemble mean changes). 
Stippling indicates changes that 
are statistically significant at the 
90% confidence level. Arctic sea 
ice loss leads to a northward shift 
in tropical precipitation and 
substantial drying over California 
and southwest United States.!
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Arctic sea ice loss! Antarctic sea ice loss!

Fi
gu

re
 1

: S
im

ul
at

ed
 s

ea
 ic

e 
lo

ss
 

an
d 

co
rre

sp
on

di
ng

 p
re

ci
pi

ta
tio

n 
ch

an
ge

s.
 !

(a
),(

b)
: S

ep
te

m
be

r m
on

th
ly 

m
ea

n 
se

a 
ic

e 
co

nc
en

tra
tio

ns
 o

ve
r A

rc
tic

 
an

d 
An

ta
rc

tic
. C

on
to

ur
 lin

es
 

in
di

ca
te

 th
e 

ar
ea

s 
wi

th
 s

ea
 ic

e 
fra

ct
io

ns
 la

rg
er

 th
an

 1
5%

. T
hi

ck
 

lin
e:

 c
on

tro
l (

bl
ac

k)
 a

nd
 ‘lo

w 
ic

e’
 (p

ur
pl

e)
 e

ns
em

bl
e 

m
ea

ns
. 

Th
in

 p
ur

pl
e 

lin
es

: i
nd

ivi
du

al
 ‘lo

w 
ic

e’
 s

im
ul

at
io

ns
.!

Fo
r a

 c
om

pa
ris

on
, i

n 
sh

ad
in

g 
ar

e 
sh

ow
n 

19
92

-2
00

1 
ob

se
rv

ed
 

(S
SM

I) 
m

on
th

ly 
m

ea
n 

se
a 

ic
e 

co
nc

en
tra

tio
ns

 fo
r S

ep
te

m
be

r 
(d

at
a 

ob
ta

in
ed

 fr
om

 th
e 

Ce
nt

er
 fo

r 
Sa

te
llit

e 
Ex

pl
oi

ta
tio

n 
an

d 
Re

se
ar

ch
-C

ER
SA

T)
.!

(c
) D

ec
em

be
r-F

eb
ru

ar
y 

(D
JF

) 
pr

ec
ip

ita
tio

n 
di

ffe
re

nc
e 

be
tw

ee
n 

‘lo
w 

ic
e’

 a
nd

 c
on

tro
l (

sh
ow

in
g 

th
e 

en
se

m
bl

e 
m

ea
n 

ch
an

ge
s)

. 
St

ip
pl

in
g 

in
di

ca
te

s 
ch

an
ge

s 
th

at
 

ar
e 

st
at

ist
ic

al
ly 

sig
ni

fic
an

t a
t t

he
 

90
%

 c
on

fid
en

ce
 le

ve
l. 

Ar
ct

ic
 s

ea
 

ic
e 

lo
ss

 le
ad

s 
to

 a
 n

or
th

wa
rd

 s
hi

ft 
in

 tr
op

ic
al

 p
re

ci
pi

ta
tio

n 
an

d 
su

bs
ta

nt
ia

l d
ry

in
g 

ov
er

 C
al

ifo
rn

ia
 

an
d 

so
ut

hw
es

t U
ni

te
d 

St
at

es
.!

(a
)!

(b
)!

SS
M

I s
ea

 ic
e 

co
nc

en
tra

tio
ns

 [%
]!

   
   

   
 1

5 
   

   
35

   
   

  5
5 

   
   

75
   

   
 9

5!

(b
)!

DJ
F 

pr
ec

ip
ita

tio
n 

an
om

al
ie

s 
[m

m
/m

on
th

]!

  -
15

   
-8

   
 -4

    
-2

    
-1

   
-0

.5
   

0 
  0

.5
   

 1
   

  2
   

  4
   

  8
   

 1
5!

(c
)!

50
0h

Pa
 ge

op
ote

nti
al 

he
igh

t [m
]!

(a)
!

(b
)!

-7.
5  

 -5
  -2

.5 
   0

    
2.5

   5
    

7.5
 12

.5 
15

 17
.5 

  !

    
 pr

ec
ipi

tat
ion

 [m
m/

mo
nth

]!

-15
   -

8  
 -4

    
-2 

  -1
  -0

.5 
  0

   0
.5 

  1
    

 2 
   4

    
 8 

  1
5!

Winter	
  precipitation

Geopotential height

Another	
  mechanisms:	
  Arctic	
  sea	
  ice	
  loss	
  could	
  favor	
  drying	
  in	
  California

Approach

• CESM ensemble of simulations with seasonally ice free
Arctic (by sampling model uncertainty in 3 sea-­‐ice physics
parameters + initial conditions)

• Framework allows coupling between sea-­‐ice, ocean and
atmosphere in an energetically consistent way

Impact
q 2-­‐step	
  teleconnection:	
  

1. Northward	
  shift	
  in	
  ITCZ	
  (Chiang	
  and	
  Bitz 2005)

2. Tropical	
  convection	
  reorganization	
  favors	
  a	
  
persistent	
  ridge	
  over	
  North	
  Pacific	
  coast

q A	
  misrepresentation	
  of	
  future	
  sea-­‐ice	
  changes	
  has	
  
implications	
  for	
  the	
  prediction	
  of	
  future	
  drought	
  risks

Cvijanovic I, B Santer, C Bonfils, D Lucas, S. Zimmerman, J Chiang 2017 Future loss of Arctic 
sea-ice cover could drive a substantial decrease in California's rainfall, Nature Comm



Drought	
  impact	
   from	
  loss	
  of	
  
sea	
  ice	
  cover

Ocean	
  warming/	
  Plant	
  
effect	
  /	
  “Fast”	
   radiative	
  
forcing

-­‐ CMI,PDSI,	
  soil	
  moisture

Flash	
  droughts

Constraining	
  uncertain	
  model	
  
parameters	
  to	
  improve	
  
drought	
  simulation

Intensification	
  of	
  wet-­‐dry	
  
patterns	
  

Poleward	
  P	
  shift

Change	
  in	
  seasonal	
  cycle

ENSO-­‐driven	
  variability
Precipitation-­‐

based	
  
understanding

(D&A)	
  

Understanding	
  
based	
  on	
  

multiple	
  drought	
  
indicators
(D&A)

Dynamic	
  
component

Uncertainty	
  
Quantification

DROUGHT

Large-­‐scale	
   precursors	
  of	
  droughts	
  à changes	
  at	
  regional	
  scale
Change	
  in	
  aridity	
  compared	
  to	
  historical	
  mean	
  state	
  à change	
  relative	
  to	
  contemporaneous	
  climatology
Change	
  in	
  variable	
  à Change	
  in	
  frequency,	
  duration	
  and/or	
  intensity
Observations	
  :	
  the	
  same	
  metrics	
   should	
  be	
  easy	
  to	
  compute	
  from	
  model	
  simulations	
  and	
  observations
Opportunities	
  to	
  make	
  progress	
  toward	
  defining	
  adapted	
  flash	
  droughts	
  metrics



default	
  run
observation

Forcing	
  metric	
  is	
  most	
  sensitive	
   to	
  deep	
  convection	
  
parameters	
  

Forcing	
  metric	
  derived	
   from	
  the	
  difference	
  
in	
  pressure	
  anomalies	
   in	
  tropics	
  

Feature	
  scores

#5	
  Quantifying	
  the	
  effect	
  of	
  parameter	
  uncertainties	
  in	
  simulations	
  of	
  
drought	
  in	
  the	
  Western	
  United	
  States

Approach

1317-­‐member	
  perturbed	
  physics	
  ensemble
• Latin	
  Hypercube	
  Sampling	
  to	
  vary	
  the	
  values	
  of	
  28	
  
input	
  parameters (e.g.,	
  clouds,	
  P,	
  convection	
  &	
  
boundary	
   layer) over	
  allowable	
  ranges	
  

• Set	
  of	
  metrics	
  that	
  best	
  characterize	
  the	
  drought	
  
and	
  its	
  drivers	
  (tropical	
  forcing,	
  spatial	
  extent	
  of	
  P
and	
  aridity	
  bias)

• We	
  perform	
  a	
  sensitivity	
  analysis	
  to	
   identify	
  the	
  key	
  
parameters	
  influencing	
  drought	
  metrics

Goal

Can	
  we	
  more	
  successfully	
  simulate	
  key	
  features	
  of	
  
observed	
  drought	
  behavior?



Köppen	
   vegetation	
  map	
  after	
  
Ganadesikan and	
  Stouffer	
  (2006)	
  



Human	
   fingerprint	
  =	
  expected	
   response	
  to	
  human	
  
forcings	
  from	
  70+	
  runs	
  of	
  historical	
   climate	
   	
  change

FINGERPRINT
=	
  Distortion	
  of	
  the	
  
curve	
  in	
  response	
  
to	
  human	
  forcing

#1	
  Natural	
  and	
  Human	
  Influences	
  on	
  Changing	
  Zonal-­‐Mean	
  Precipitation

From	
  P	
  anomalies	
  
from	
  1980	
  to	
  2012



NOISE	
  (El	
  Niño	
  case)FINGERPRINT

#1	
  Natural	
  and	
  Human	
  Influences	
  on	
  Changing	
  Zonal-­‐Mean	
  Precipitation

Human	
  pattern	
  ≠	
  Noise	
  pattern
The	
  intensification	
  +	
  poleward	
  expansion	
  of	
  zonal	
  P	
  is	
  found	
  in	
  observations	
  and	
  

cannot	
  be	
  explained	
  by	
  climate	
  noise	
  alone


