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Outline	  of	  this	  talk	  

•  Accomplishments	  on	  surface	  radia/on	  budget	  
•  Status	  of	  the	  surface	  energy	  balance	  residual	  
•  Atmospheric	  column	  energy	  balance	  	  
•  Cloud	  type	  associated	  with	  large	  energy	  
balance	  residual	  

•  Thoughts	  on	  future	  ac/ve	  sensor	  missions	  in	  
order	  to	  improve	  surface	  radia/on	  budget	  



Low-‐level	  cloud	  frac/on	  comparison	  (Jan.	  2010)	  

•  Low-level cloud fraction derived from passive sensor is under estimated 
because of cloud overlap 

•  CALIPSO/CloudSat cloud vertical profiles are used to correct low-level 
cloud fraction derived from passive sensor for surface irradiance 
computations 3	  



Polar	  surface	  radia/on	  budget	  improvement	  by	  
CALIPSO	  and	  CloudSat	  

Kato	  et	  al.	  2011	  

Day/me	  longwave	  

Nigh[me	  longwave	  



Global	  annual	  mean	  energy	  budget	  

Stephens	  et	  al.	  2012	  

CALIPSO	  and	  CloudSat	  observa/ons	  reduced	  the	  uncertainty	  in	  surface	  radia/on	  budget	  	  



Current	  status	  of	  satellite	  based	  surface	  energy	  imbalance	  in	  
Wm-‐2	  

L’Ecuyer	  et	  al.	  2015	  (J.	  Climate)	  
Surface:	  	  344-‐398-‐23-‐75+189-‐22=15	  Wm-‐2	  (depending	  on	  data	  sets	  used)	  
Ocean	  hea/ng	  rate:	  	  0.53	  to	  0.75	  Wm-‐2	  (Lyman	  et	  al.	  2010	  Nature)	  



Regions	  with	  a	  large	  energy	  imbalance	  	  

LP	  

Rt:	  TOA	  irradiance	  

Rs:	  Surface	  irradiance	  
Hs:	  Sensible	  heat	  flux	  
LE:	  latent	  heat	  flux	  

Divergence	  

Atmospheric	  energy	  balance	  (Trenberth	  and	  Stepaniak	  2003)	  
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Water	  mass	  balance	  

− ∂(KE + SH +Φs )
∂t

−∇p ⋅(FK + FDE )+ (RT − Rs )+ LP −Hs = 0

-‐	  Kine/c	  energy	  +	  dry	  sta/c	  energy	  tendency	  
-‐	  Kine/c	  energy	  divergence	  
+	  atmospheric	  net	  irradiance	  
+	  precipita/on	  ×	  (latent	  heat	  of	  vaporiza/on)	  
-‐	  Surface	  sensible	  heat	  flux	  (posi/ve	  downward)	  

Neglec/ng	  water	  phase	  change	  (the	  error	  in	  the	  global	  mean	  is	  about	  0.8	  Wm-‐2)	  



Tes/ng	  atmospheric	  energy	  balance	  using	  observa/ons	  
Data	  source	  (March	  2000	  through	  Feb.	  2010)	  	  

•  Atmospheric	  net	  irradiance:	  EBAF-‐TOA	  and	  EBAF-‐
surface	  (Ed	  2.8,	  Loeb	  et	  al.	  2009,	  2012;	  Kato	  et	  al.	  
2013	  )	  

•  Precipita/on:	  GPCP	  (V2.2,	  Huffman	  et	  al.	  1997;	  Adler	  
et	  al.	  2012	  )	  

•  Surface	  sensible	  and	  latent	  heat	  flux:	  SeaFlux	  (Jan	  2000	  
through	  Dec.	  2007,	  Clayson	  and	  Bogdanoff	  2014	  ).	  

•  ECMWF	  ERA-‐interim	  Divergence	  of	  dry	  sta/c	  energy:	  
ERAI.DSEDIV	  (Trenberth	  et	  al.	  2011	  )	  

•  Divergence	  of	  kine/c	  energy:	  ERAI.KEDIV	  	  
•  Divergence	  of	  latent	  energy:	  ERAI.LEDIV	  
•  Total	  energy	  tendency:	  ERAI.TETEN	  
•  Latent	  energy	  tendency:	  ERAI.LETEN	  



Atmospheric	  energy	  components	  
Net	  irradiance	   Precipita/on	  rate	  

Sensible	  heat	  flux	  
Dry	  sta/c	  energy	  
divergence	  



Sum	  of	  all	  energy	  terms	  for	  the	  atmospheric	  column	  in	  Wm-‐2	  	  
(10	  year	  average)	  

-‐Dry	  sta/c	  and	  Kine/c	  energy	  tendency	  	  -‐	  divergence	  of	  dry	  sta/c	  energy	  	  
-‐divergence	  of	  kine/c	  energy	  +	  atmospheric	  net	  irradiance	  +	  precipita/on	  -‐	  surface	  
sensible	  heat	  flux	  (posi/ve	  downward)	  	  

− ∂(KE + SH +Φs )
∂t

−∇p ⋅(FK + FDE )+ (RT − Rs )+ LP −Hs = 0

Nega/ve	  area	  
•  Precipita/on	  is	  

too	  small	  
•  Divergence	  is	  too	  

large	  
•  Radia/ve	  cooling	  

is	  too	  large	  
•  Upward	  sensible	  

heat	  flux	  is	  too	  
small	  
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Kato	  et	  al.	  2016	  Submimed	  to	  J.	  Climate	  



Cloud	  object	  type	  defini/ons	  



Spa/al	  distribu/on	  of	  Number	  of	  cloud	  objects	  

Xu	  et	  al.	  2015	  



Seasonal	  variability	  of	  atmospheric	  energy	  
balance	  residual	  vs.	  deep	  convec/ve	  clouds	  	  

Blue:	  number	  of	  deep	  convec/ve	  cloud	  objects	  
Red:	  Atmospheric	  energy	  balance	  residual	  +	  surface	  sensible	  heat	  flux	  

Southern	  western	  Pacific	  (0°	  
to	  25°S;	  105°E	  to	  180°E)	  	  

Northern	  western	  Pacific	  (0°	  to	  
25°N;	  105°E	  to	  180°E)	  	  



Atmospheric	  energy	  balance	  residual	  vs.	  shallow	  
cumulus	  clouds	  

NH	  western	  Pacific	  

SH	  western	  pacific	  

NH	  eastern	  pacific	  

SH	  eastern	  pacific	  

Blue:	  number	  of	  deep	  convec/ve	  cloud	  objects	  
Red:	  Atmospheric	  energy	  balance	  residual	  +	  surface	  sensible	  heat	  flux	  
	  



Proposed	  rela/onship	  between	  shallow	  cumulus	  
and	  precipita/on	  by	  deep	  convec/ve	  clouds	  	  

Neggers	  et	  al.	  2007	  J.	  Climate	  

More	  humid	  boundary	  layer	  -‐>	  more	  shallow	  cumulus	  
-‐>	  dryer	  free	  troposphere	  -‐>	  narrower	  ITCZ	  	  
-‐>	  stronger	  precipita/on	  by	  deep	  convec/ve	  clouds	  



A	  hypothesis	  	  
•  A	  study	  by	  Berg	  et	  al.	  (2010)	  shows	  that	  the	  precipita/on	  

rate	  over	  tropical	  eastern	  Pacific	  es/mated	  from	  the	  
CloudSat	  radar	  that	  is	  not	  included	  in	  the	  es/mate	  from	  the	  
TRMM	  radar	  is	  about	  0.4	  to	  0.5	  mm	  day-‐1,	  which	  is	  ~13	  
Wm-‐2,	  although	  the	  150	  km	  radius	  range	  over	  Barbuda	  
area-‐averaged	  precipita/on	  rate	  by	  shallow	  cumuli	  
es/mated	  by	  Nuijens	  et	  al.	  (2009)	  reaches	  about	  35	  Wm-‐2.	  	  

•  Kato	  (2009)	  shows	  that	  the	  atmospheric	  cooling	  by	  clouds	  
with	  the	  top	  height	  pressure	  greater	  than	  665	  hPa	  is	  0	  to	  
-‐25	  Wm-‐2	  over	  tropics.	  According	  to	  Oreopoulos	  et	  al.	  
(2014)	  low-‐level	  clouds	  account	  for	  roughly	  50%	  of	  clouds	  
present	  in	  cloud	  regime	  2.	  These	  lead	  to	  about	  a	  10	  Wm-‐2	  
contribu/on	  to	  atmospheric	  cooling	  by	  shallow	  cumulus	  
clouds.	  	  

•  Enhanced	  intense	  precipita/ons	  within	  deep	  convec/ve	  
clouds	  are	  missed	  by	  satellite	  observa/ons	  

•  It	  is	  also	  possible	  that	  cumulus	  congestus	  are	  some/mes	  
present	  under	  cirrostratus.	  	  



Horizontal	  distribu/ons	  of	  the	  total	  number	  of	  satellite	  footprints	  of	  deep	  
convec/ve	  cloud	  objects	  in	  5°	  ×	  5°	  grids	  as	  a	  func/on	  of	  MJO	  phases	  	  

(Phases	  1	  to	  8	  from	  the	  top	  to	  the	  bomom).	  	  

Phase	  1	  
	  
Phase	  2	  
	  
Phase	  3	  
	  
Phase	  4	  
	  
Phase	  5	  
	  
Phase	  6	  
	  
Phase	  7	  
	  
Phase	  8	  



Number	  of	  shallow	  cumulus	  cloud	  objects	  vs.	  deep	  convec/ve	  
cloud	  object	  size	  

DC-‐L:	  large	  deep	  
convec/ve	  clouds	  

Cu-‐L:	  Large	  shallow	  
cumulus	  

Xu	  et	  al.	  	  (2016)	  



Atmospheric	  irradiance	  divergence	  vs.	  precipita/on	  
anomalies	  

Radia/on	  is	  probably	  not	  responsible	  for	  the	  15	  Wm-‐2	  surface	  energy	  
balance	  residual,	  but	  the	  error	  in	  anomalies	  is	  less	  certain.	  
Current	  accuracy	  level	  is	  ~0.8	  Wm-‐2	  per	  decade	  (at	  a	  60%	  confidence	  level)	  
for	  both	  surface	  downward	  LW	  and	  SW	  irradiances	  (CERES	  white	  paper)	  
while	  precipita/on	  changes	  at	  the	  rate	  of	  ~0.3	  Wm-‐2	  per	  decade	  (2%	  K-‐1)	  

With	  12	  month	  running	  mean	  
Surface	  sensible	  heat	  anomalies	  are	  missing	  



Future	  
•  Energy	  in	  the	  earth	  system	  takes	  various	  forms.	  	  
•  Need	  to	  monitor	  how	  energy	  flow	  through	  the	  
earth	  system	  will	  be	  altered	  under	  radia/ve	  
forcing.	  	  

•  No	  single	  instrument	  can	  monitor	  all	  energy	  
fluxes.	  We	  need	  both	  passive	  and	  ac/ve	  sensors	  
to	  monitor	  variability	  accurate	  enough	  (A-‐train	  
like	  constella/on	  to	  preserve	  co-‐variability	  at	  
high	  temporal	  resolu/ons).	  

•  Change	  in	  the	  energy	  flow	  is	  driving	  climate	  
sensi/vity	  (Omo	  et	  al.	  2013,	  Nature	  Geoscience).	  



Future	  improvements	  of	  surface	  radia/on	  
budget	  anomalies	  ac/ve	  sensors	  

•  Cloud	  property	  (frac/on,	  height)	  constraint	  to	  those	  
derived	  by	  passive	  sensors	  
–  Con/nua/on	  of	  observa/ons	  similar	  to	  CALIPSO/CloudSat	  
(especially	  for	  polar	  regions)	  

–  Enhanced	  MODIS	  retrieval	  (use	  CALIPSO/CloudSat	  derived	  
cloud	  informa/on	  to	  ini/alize	  MODIS	  retrieval)	  

•  Use	  knowledge	  of	  bemer	  cloud	  fields	  to	  improve	  
temperature	  and	  humidity	  profiles	  
–  Bemer	  boundary	  temperature	  and	  humidity	  profiles	  over	  
stratocumulus	  regions	  than	  those	  provided	  by	  reanalyses	  

–  Bemer	  spectral	  radia/ve	  kernels	  (spectral	  fingerprin/ng)	  



Boundary	  layer	  lapse	  rates	  derived	  from	  CALIPSO	  and	  MODIS	  	  

Sun-Mack et al. 2014 JAMC 

To improve boundary layer cloud top height retrieval from passive sensors 22	  



Boundary	  T	  and	  Td	  correc/ons	  
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Summary	  and	  Conclusions	  
•  Larger	  regional	  atmospheric	  column	  energy	  balance	  

residuals	  exist	  over	  tropical	  ocean	  
•  Atmospheric	  energy	  balance	  residual	  temporally	  correlates	  

well	  with	  the	  number	  of	  shallow	  cumulus	  cloud	  objects	  
•  A	  reduc/on	  in	  the	  mixing	  /me	  scale	  of	  shallow	  convec/on	  

leads	  to	  more	  humid	  mixing	  layer,	  dryer	  free	  troposphere,	  
a	  narrower	  ITCZ,	  stronger	  large-‐scale	  convergence,	  and	  
more	  intense	  convec/on	  (Neggers	  et	  al.	  2007).	  	  

•  One	  possibility	  is	  that	  more	  intense	  precipita/on	  within	  
ITCZ	  is	  not	  detected	  by	  satellite	  instruments.	  

•  Monitor	  energy	  flow	  change	  with	  passive	  +	  ac/ve	  sensors	  
in	  the	  future	  	  



Back-‐up	  slides	  



Regional	  energy	  balance	  residual	  (imbalance)	  
Precip.+Rad.-‐DSEDIV-‐KEDIV-‐TETEN+LETEN+SH	  

Land	  sensible	  
heat	  fluxes	  are	  
taken	  from	  
L’Ecuyer	  et	  al.	  
2015	  (J.	  Climate)	  	  

Consistent	  
with	  
L’Ecuyer	  et	  
al.	  2015	  
who	  
compute	  
surface	  
energy	  
balance	  	  



Atmospheric	  energy	  uncertainty	  
Es/mated	  annual	  1°×1°	  
atmospheric	  energy	  uncertainty	  	   Residual	  divided	  by	  the	  uncertainty	  



Seasonal	  atmospheric	  energy	  
variability	  

Southern	  western	  Pacific	  (0°	  to	  
25°S;	  105°E	  to	  180°E)	  	  

Northern	  western	  Pacific	  (0°	  to	  
25°N;	  105°E	  to	  180°E)	  	  
	  






