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CMIP5,	
  2006-­‐2015,	
  ensemble	
  mean	
  of	
  22	
  GCMs,	
  RCP8.5	
  

(.)*	
  defines	
  devia*on	
  from	
  zonal-­‐mean	
  

	
  Rainfall	
  distribu.on	
  over	
  Asia	
  and	
  Africa	
  shows	
  large	
  zonal	
  
asymmetries	
  during	
  boreal	
  summer	
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Figure 8. Day 11 of a series of integrations without orography. (a), (c), (e), (g) and (i) pressure and horizontal 
winds on the 325 K isentropic surface, with contour interval 40 ma;  (b), (d), (f),  (h) and 6 )  vertical velocity at 
477 Ma, with contour interval 0.25 hPa hr-l; (a) and (b) integration linearized about a resting basic-state and 
forced with heating at WOE, 25"N (c) and (d) integration linearized about a resting basic-state and forced with 
heating at 25"N superimposed on the June to August zonal-mean flow; (e) and (f) integration linearized about the 
zonal-mean basic-state and forced with heating at 25"N; (g) and (h) non-linear integration forced with heating at 

25"N, (i) and 6) nonlinear integration forced with heating at WOE, 10"N. 

Linear	
  integra0on	
  about	
  res0ng	
  basic-­‐state,	
  forced	
  with	
  hea0ng	
  at	
  90°E,	
  25°N	
  	
  

ω	
  on	
  477hPa	
  level	
  p	
  and	
  u	
  on	
  325K	
  level	
  

(Rodwell	
  and	
  Hoskins,	
  1996)	
  

Gill-­‐like	
  circula*on	
  in	
  a	
  more	
  comprehensive	
  model	
  

Strong	
  hea+ng	
  over	
  South	
  Asia	
  from	
  monsoon	
  rainfall	
  leads	
  
to	
  enhanced	
  dryness	
  over	
  Sahara.	
  

…	
  consistent	
  with	
  dry	
  linear	
  studies	
  



Our	
  goals	
  

1.  We	
  quan0fy	
  the	
  sensi0vity	
  of	
  the	
  subtropical	
  Rossby	
  
gyre	
  to	
  climate	
  change	
  in	
  an	
  idealized	
  moist	
  aquaplanet	
  

GCM,	
  over	
  a	
  wide	
  range	
  of	
  climate	
  

2.  We	
  devise	
  a	
  mechanism	
  for	
  its	
  climate	
  sensi0vity.	
  	
  

3.  We	
  diagnose	
  relevance	
  of	
  this	
  mechanism	
  to	
  climate	
  
variability	
  in	
  CMIP5	
  archive	
  simula0ons.	
  



“Gill-­‐like”	
  forcing	
  
Global	
  warming	
  experiment	
  with	
  idealized	
  moist	
  GCM	
  (T85,	
  30	
  levels)	
  	
  

[Frierson	
  et	
  al.,	
  2006;	
  O’Gorman	
  and	
  Schneider,	
  2008]	
  

Surface	
  condi.ons:	
  Slab	
  ocean,	
  uniform	
  thermal	
  iner0a	
  and	
  albedo	
  
Forcing:	
  Uniform	
  insola0on	
  

[W	
  m-­‐2]	
  

(Levine	
  and	
  Boos,	
  2016;	
  J.	
  Clim.)	
  



Wet	
  zones	
  near	
  hea.ng	
  zone,	
  enhanced	
  dryness	
  to	
  the	
  west.	
  

Contours:	
  P-­‐E	
  ≤	
  -­‐1.5	
  mm	
  day-­‐1	
  in	
  cold	
  (Ts=291K,	
  cyan),	
  reference	
  
(Ts=302K,	
  green)	
  and	
  warm	
  (Ts=311K,	
  magenta)	
  climates	
  

(Levine	
  and	
  Boos,	
  2016;	
  J.	
  Clim.)	
  

Area	
  integrated	
  (P-­‐E)*	
   [mm	
  day-­‐1]	
  



Integrated	
  changes	
  in	
  P-­‐E	
  with	
  climate	
  change	
  

P-­‐E	
  averaged	
  over	
  areas	
  where	
  <	
  P-­‐E>0	
  

(.)*:	
  .me-­‐mean,	
  zonally	
  asymmetric	
  
component	
  (a.k.a.	
  sta.onary)	
  

<.>:	
  Area	
  integral	
  over	
  regions	
  of	
  posi.ve	
  sign	
  

P-­‐E	
  increases	
  faster	
  than	
  CC	
  in	
  cold	
  climates	
  but	
  slower	
  in	
  
warm	
  climates,	
  implying	
  strong	
  modula+on	
  by	
  dynamics	
  	
  

(Levine	
  and	
  Boos,	
  2016;	
  J.	
  Clim.)	
  

Area	
  integrated	
  (P-­‐E)*	
  



Ver.cal	
  velocity	
  profile	
  

Circula+on	
  has	
  a	
  1st	
  baroclinic	
  structure	
  

Ver+cal	
  wind	
  averaged	
  over	
  ascent	
  regions	
  

(Levine	
  and	
  Boos,	
  2016;	
  J.	
  Clim.)	
  



Warm	
  

La
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ud

e	
  

Longitude	
  

Conceptual	
  model	
  of	
  circula.on	
  

H
ei
gh
t	
  

Tropopause	
  



Warm	
  

Conceptual	
  model	
  of	
  circula.on	
  

Tropopause	
  

Convec+on	
  communicates	
  near-­‐surface	
  perturba+on	
  to	
  air	
  column	
  



Warm	
  

Conceptual	
  model	
  of	
  circula.on	
  

Tropopause	
  

1st	
  baroclinic	
  circula+on	
  is	
  set	
  up	
  in	
  air	
  column	
  	
  



1st	
  baroclinic	
  mode	
  theory	
  

Dynamics	
  can	
  be	
  linearized:	
  

warm climates (see appendix B for further discussion); this finding is consistent with the lapse234

rate effect being important for the temperature mode, as suggested on Fig. 5. Thus, we have used235

the numerical estimate of the temperature mode shown in Fig. 5 to derive velocity mode profiles.236

237

Combining the horizontal momentum equation and the modal decomposition of temperature (3),238

Dtu+ f ⇥u =�—f = rd

pZ
ps

—T
dp
p

= rd—Tr

pZ
ps

T̂
dp
p
, (4)

provides a natural vertical basis for horizontal winds,239

û =

pZ
ps

T̂
dp
p
. (5)

Here, ps defines surface pressure. The baroclinic component of this vertical basis,240

V̂ = û� 1
pt � ps

ptZ
ps

ûdp, (6)

is used to define the vertical mode of the baroclinic horizontal winds, i.e., ubc(x, p, t) =241

V̂ (p)ur(x, t); here ubc defines the baroclinic horizontal winds, V̂ its vertical mode, and ur its242

amplitude.243

asasasas244

dw ' ∂Trw (dTr) (7)

asasasas245

Figure 5 shows the horizontal wind mode profile (6) in each simulation. To compute this mode246

in each simulation, we evaluated pt by diagnosing the level at which the global meridional wind247

profile (v⇤) reaches a minimum value in the upper troposphere. Figure 4 shows that this definition248

is qualitatively comparable to the thermal definition of tropopause height, with both definition249

predicting a steady upward shift of tropopause level as climate warms from a minimum level near250

the 500mbar pressure level in the coldest climate to a maximum near the top of the atmosphere251

13

(e.g.,	
  Neelin	
  and	
  Zeng,	
  2000)	
  

u	
   u	
  

wind	
  mode:	
  sensi+vity	
  of	
  wind	
  to	
  low-­‐level	
  temperature	
  anomaly	
  

Wind	
  mode	
  depends	
  only	
  on	
  tropical-­‐mean	
  lapse-­‐rate	
  and	
  tropopause	
  level	
  

Wind	
  mode	
  varies	
  with	
  climate	
  change!	
  

x	
  



Ver.cal	
  wind	
  becomes	
  increasingly	
  sensi.ve	
  to	
  low-­‐
level	
  temperature	
  anomalies	
  as	
  climate	
  warms	
  

Wind	
  mode	
  amplifies	
  as	
  climate	
  warms	
  

warm climates (see appendix B for further discussion); this finding is consistent with the lapse234

rate effect being important for the temperature mode, as suggested on Fig. 5. Thus, we have used235

the numerical estimate of the temperature mode shown in Fig. 5 to derive velocity mode profiles.236

237

Combining the horizontal momentum equation and the modal decomposition of temperature (3),238
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ûdp, (6)

is used to define the vertical mode of the baroclinic horizontal winds, i.e., ubc(x, p, t) =241

V̂ (p)ur(x, t); here ubc defines the baroclinic horizontal winds, V̂ its vertical mode, and ur its242

amplitude.243

asasasas244

dw ' ∂Trw (dTr) (7)

asasasas245

Figure 5 shows the horizontal wind mode profile (6) in each simulation. To compute this mode246

in each simulation, we evaluated pt by diagnosing the level at which the global meridional wind247

profile (v⇤) reaches a minimum value in the upper troposphere. Figure 4 shows that this definition248

is qualitatively comparable to the thermal definition of tropopause height, with both definition249

predicting a steady upward shift of tropopause level as climate warms from a minimum level near250

the 500mbar pressure level in the coldest climate to a maximum near the top of the atmosphere251
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x	
  

(Levine	
  and	
  Boos,	
  2016;	
  J.	
  Clim.)	
  



Wind	
  mode	
  amplifica.on	
  results	
  in	
  non-­‐monotonic	
  
variability	
  of	
  circula.on	
  

As	
  climate	
  warms,	
  circula.on:	
  
*	
  strengthens	
  in	
  cold	
  climates	
  from	
  deepening	
  of	
  1st	
  baroclinic	
  mode.	
  	
  

*	
  weakens	
  in	
  warm	
  climates	
  	
  from	
  weakening	
  of	
  low-­‐level	
  
temperature	
  anomalies.	
  

(Levine	
  and	
  Boos,	
  2016;	
  J.	
  Clim.)	
  



How	
  to	
  test	
  relevance	
  of	
  1st	
  baroclinic	
  mode	
  
mechanism	
  to	
  the	
  “real	
  world”	
  

•  We	
  compare	
  circula+on	
  changes	
  over	
  a	
  thin	
  la+tudinal	
  band	
  
(10N-­‐20N)	
  in	
  31	
  GCMs	
  of	
  the	
  CMIP5	
  archive	
  between	
  from	
  

historical	
  simula+ons	
  (1984-­‐2004)	
  to	
  RCP8.5	
  scenarios	
  (2079-­‐2099)	
  

•  We	
  quan+fy	
  contribu+on	
  from	
  1st	
  baroclinic	
  mode	
  deepening.	
  



Integrated	
  ver+cal	
  mass	
  flux	
  over	
  regions	
  
of	
  ascent	
  

Large	
  intermodel	
  variability	
  in	
  sta+onary	
  circula+on	
  in	
  present-­‐day	
  climate	
  
(1984-­‐2004)	
  

Step1:	
  diagnose	
  ver.cal	
  mass	
  flux	
  (1984-­‐2004)	
  

Color:	
  individual	
  GCM	
  



Integrated	
  geostrophic	
  ver+cal	
  mass	
  flux	
  
at	
  each	
  level	
  	
  

Geostrophic	
  component	
  of	
  the	
  ver+cal	
  wind	
  is	
  first-­‐baroclinic	
  

Step2:	
  diagnose	
  geostrophic	
  ver.cal	
  mass	
  flux	
  
(1984-­‐2004)	
  

Color:	
  individual	
  GCM	
  



In	
  the	
  ensemble-­‐mean,	
  ver+cal	
  mass	
  flux	
  weakens	
  by	
  about	
  5%	
  by	
  
late	
  21st	
  century	
  in	
  RCP8.5	
  scenario.	
  

RCP85	
  
Historical	
  

RCP85	
  
Historical	
  

Step	
  3:	
  diagnose	
  changes	
  in	
  ver.cal	
  winds	
  and	
  and	
  its	
  
geostrophic	
  component	
  



Changes	
  in	
  ver+cal	
  wind	
  scales	
  with	
  that	
  of	
  its	
  geostrophic	
  
component.	
  

δ(.):	
  RCP8.5	
  (2079-­‐2099)	
  minus	
  
historical	
  (1984-­‐2004)	
  

Change	
  in	
  ver.cal	
  wind	
  vs.	
  geostrophic	
  ver.cal	
  wind	
  
(at	
  500	
  hPa)	
  

Color:	
  individual	
  GCM	
  
Star:	
  ensemble-­‐mean	
  



(x0.1)	
  

Ver+cal	
  wind	
  mode	
  strengthens	
  circula+on	
  with	
  global	
  warming,	
  and	
  
acts	
  against	
  weakening	
  of	
  tropospheric	
  zonal	
  temperature	
  gradient	
  	
  

Deepening	
  of	
  troposphere	
  par.ally	
  offset	
  weakening	
  of	
  
tropospheric	
  temperature	
  gradient	
  

(in	
  the	
  ensemble-­‐mean	
  )	
  	
  

Wind	
  mode	
  strengthens	
  
by	
  about	
  10%	
  

(inferred)	
  Zonal	
  temperature	
  
gradient	
  weakens	
  by	
  about	
  

15%	
  



Summary	
  

•  Subtropical	
   Rossby	
   gyre	
   can	
   be	
   described	
   by	
   1st	
  
baroclinic	
  mode	
  framework.	
  

•  Deepening	
   of	
   the	
   first-­‐baroclinic	
   mode	
   strengthens	
  
circula0on	
  as	
  climate	
  warms.	
  

•  This	
   effect	
   may	
   be	
   significant	
   in	
   comprehensive	
  
climate	
   models,	
   offsepng	
   the	
   circula0on	
   weakening	
  
from	
  the	
  reduc0on	
  in	
  temperature	
  anomalies.	
  



Thank	
  You!	
  

Funding:	
  Na.onal	
  Science	
  Founda.on	
  (AGS-­‐1515960)	
  

For	
  more	
  details:	
  Levine	
  X.	
  J.,	
  and	
  W.	
  R.	
  Boos,	
  2016:	
  A	
  
mechanism	
  for	
  the	
  response	
  of	
  the	
  zonally	
  asymmetric	
  
subtropical	
  hydrologic	
  cycle	
  to	
  global	
  warming.	
  Journal	
  of	
  
Climate,	
  29,	
  7851-­‐7867.	
  	
  





Nodal	
  Level	
  

Meridional	
  wind	
   UpdraA	
  



We	
  diagnose	
  sta0onary	
  ver0cal	
  wind	
  and	
  its	
  baroclinic	
  component.	
  

We	
  diagnose	
  ver.cal	
  wind	
  and	
  its	
  component	
  
associated	
  with	
  baroclinic	
  flow	
  







Changing	
  wind	
  in	
  lower	
  troposphere	
  

B:	
  change	
  ver.cal	
  structure	
  keeping	
  magnitude	
  of	
  
temperature	
  perturba.on	
  at	
  LCL	
  invariant	
  	
  

Nodal	
  Level	
  
Slopes	
  are	
  
equal	
  if	
  

temperature	
  
perturba.on	
  
at	
  LCL	
  	
  is	
  

unchanged	
  	
  

Meridional	
  wind	
  



Wet	
  zones	
  near	
  hea.ng	
  zone,	
  enhanced	
  dryness	
  to	
  
the	
  west.	
  

[mm	
  day-­‐1]	
  

Contours:	
  P-­‐E	
  ≤	
  -­‐1.5	
  mm	
  day-­‐1	
  in	
  cold	
  (Ts=291K,	
  cyan),	
  reference	
  
(Ts=302K,	
  green)	
  and	
  warm	
  (Ts=311K,	
  magenta)	
  climates	
  



Hydrologic	
  imbalance	
  (P-­‐E)	
  scales	
  with	
  sta.onary	
  
precipita.on	
  (P*)	
  over	
  a	
  wide	
  range	
  of	
  climate	
  change	
  

(.)*:	
  .me-­‐mean,	
  zonally	
  asymmetric	
  
component	
  	
  

<.>:	
  Area	
  integral	
  over	
  regions	
  of	
  posi.ve	
  sign	
  



Circula.on	
  change	
  is	
  non-­‐monotonic	
  with	
  global	
  warming	
  

Bulk	
  sta*onary	
  ver*cal	
  wind	
  evaluated	
  at	
  level	
  of	
  maximum	
  

How	
  to	
  explain	
  this	
  non-­‐monotonicity?	
  	
  



Combining	
  1st	
  baroclinic	
  mode	
  theory	
  and	
  linear	
  vor.city	
  
budget	
  provides	
  a	
  quan.ta.ve	
  predic.on	
  for	
  ω*	
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where P+ defines local stationary precipitation. Similarly, we define an integrated hydrologic170

imbalance by replacing P+ by (P�E) in relation (3). Figure 9 (left panel) shows that integrated171

stationary precipitation P⇤ generally increases with global warming in most climates, except in the172

warmest simulations (Ts � 305K, where Ts is the global-mean surface temperature). Furthermore,173

changes in the integrated stationary precipitation P⇤ are qualitatively consistent with changes in174

the integrated stationary hydrologic imbalance (P�E)⇤. This is consistent with precipitation be-175

ing more zonally asymmetric than evaporation. Figure 9 also shows that changes in the strength176

of the hydrologic cycle are almost entirely zonally asymmetric when insolation is uniform. Fig-177

ure 9 shows that precipitation integrated globally has a qualitatively similar behavior with global178

warming as the integrated stationary precipitation P⇤; i.e., it increases with global warming, but179

at a much slower rate in warm climates than in cold climates. While global radiative changes180

provide some constraints on global precipitation changes (e.g., O’Gorman and Schneider 2008),181

these constraints do not apply to its stationary component. Instead, a theory for stationary pre-182

cipitation requires separate predictions for its dynamical and thermodynamical components, as183

outlined below,184

P =

ptZ

pb

H (w)w∂pqsat
dp
g
. (10)
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Fric0onal:	
  

Geostrophic:	
  

V1:	
  horizontal	
  wind	
  
mode	
  

Ω1:	
  ver0cal	
  wind	
  
mode	
  



•  Slide	
  1:	
  lat-­‐lon	
  panel	
  of	
  omega_star,	
  
omega_star	
  Sv_BC	
  [ensemble-­‐mean	
  or	
  1	
  GCM	
  
simula0on]	
  

•  Slide	
  2:	
  average	
  over	
  10-­‐20N,	
  show	
  good	
  
correla0on	
  between	
  Sv_BC	
  and	
  total	
  updrat;	
  
show	
  ver0cal	
  profile	
  of	
  Sv_BC.	
  

•  Slide	
  3:	
  decompose	
  correla0on	
  into	
  coefficient	
  
and	
  mode.	
  	
  



1st	
  baroclinic	
  mode	
  theory	
  provides	
  a	
  qualita.ve	
  
understanding	
  of	
  sta.onary	
  circula.on	
  changes	
  

Despite	
  its	
  simplicity,	
  our	
  mechanism	
  accounts	
  
remarkably	
  well	
  for	
  non-­‐monotonic	
  change	
  in	
  strength!	
  

How	
  about	
  for	
  more	
  comprehensive	
  GCM	
  simula.ons?	
  


