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What	
  Is	
  Climate?	
  
•  Climate	
  –	
  the	
  total	
  of	
  all	
  sta3s3cal	
  weather	
  informa3on	
  that	
  helps	
  
to	
  describe	
  the	
  varia3on	
  of	
  weather	
  at	
  a	
  given	
  place	
  for	
  a	
  specified	
  
interval	
  of	
  3me.	
  	
  In	
  popular	
  usage,	
  the	
  synthesis	
  of	
  weather	
  at	
  
some	
  locality	
  averaged	
  over	
  some	
  3me	
  period	
  (usually	
  30	
  years)	
  
plus	
  sta3s3cs	
  to	
  include	
  extremes	
  in	
  weather.	
  

•  “	
  ‘Climate’	
  is	
  what	
  you	
  expect;	
  ‘weather’	
  is	
  what	
  you	
  get.”	
  [Gary	
  
RoLman,	
  2003]	
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1613	
  Galileo	
   1995	
  SOHO	
  

Earth’s surface temperature has 
increased in the last century  

changes are non-uniform, globally 
and temporally  

What Is Due to the Sun? 

Temperatures	
  Are	
  Changing	
  

courtesy of Judith Lean, NRL 
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What	
  Determines	
  Climate?	
  

team view of the closure for the TOA radiation budget. 
The TOA imbalance in the original CERES products 
is reduced by making largest changes to account for 
the uncertainties in the CERES instrument absolute 
calibration. They also use a lower value for solar 
irradiance taken from the recent TIM observations 
(Kopp et al. 2005).

Several atlases exist of surface f lux data, but 
they are fraught with global biases of several tens 
of watts per meter squared in unconstrained VOS 
observation-based products (Grist and Josey 2003) 
that show up, especially when net surface flux fields 
are globally averaged. These include some based on 
bulk flux formulas and in situ measurements, such as 
the Southampton Oceanographic Centre (SOC) from 
Grist and Josey (2003), WHOI (Yu et al. 2004; Yu and 
Weller 2007), and satellite data, such as the HOAPS 
data, now available as HOAPS version 3 (Bentamy 
et al. 2003; Schlosser and Houser 2007). The latter 
find that space-based precipitation P and evapora-
tion E estimates are globally out of balance by about 
an unphysical 5%. There are also spurious variations 
over time as new satellites and instruments become 
part of the observing system.

Zhang et al. (2006) find uncertainties in ISCCP-FD 
surface radiative fluxes of 10–15 W m−2 that arise from 
uncertainties in both near-surface temperatures and 
tropospheric humidity. Zhang et al. (2007) computed 
surface ocean energy budgets in more detail by com-
bining radiative results from ISSCP-FD with three 

surface turbulent f lux estimates, from HOAPS-2, 
NCEP reanalyses, and WHOI (Yu et al. 2004). On 
average, the oceans surface energy flux was +21 W m−2 
(downward), indicating that major biases are present. 
They suggest that the net surface radiative heating 
may be slightly too large (Zhang et al. 2004), but also 
that latent heat flux variations are too large.

There are spurious trends in the ISCCP data (e.g., 
Dai et al. 2006) and evidence of discontinuities at 
times of satellite transitions. For instance, Zhang 
et al. (20007) report earlier excellent agreement of 
ISCCP-FD with the ERBS series of measurements 
in the tropics, including the decadal variability. 
However, the ERBS data have been reprocessed 
(Wong et al. 2006), and no significant trend now 
exists in the OLR, suggesting that the previous agree-
ment was fortuitous (Trenberth et al. 2007b).

Estimates of the implied ocean heat transport from 
the NRA, indirect residual techniques, and some 
coupled models are in reasonable agreement with 
hydrographic observations (Trenberth and Caron 
2001; Grist and Josey 2003; Trenberth and Fasullo 
2008). However, the hydrographic observations also 
contain significant uncertainties resulting from both 
large natural variability and assumptions associated 
with their indirect estimation of the heat transport, 
and these must be recognized when using them to 
evaluate the various flux products. Nevertheless, the 
ocean heat transport implied by the surface fluxes 
provides a useful metric and constraint for evaluating 

products.

!"#$%&'()&$*#)+$

#+#,%-$ (./%#!0 
The results are given here 
in Table 1 for the ERBE 
period, Table 2 for the 
CERES period, and Fig. 1 
also for the CERES period. 
The tables present results 
from several sources and 
for land, ocean, and global 
domains. Slight differences 
exist in the land and ocean 
masks, so that the global 
value may consist of slight-
ly different weights for each 
component.

!"#!$%&'()*$ '&+,-.+ / For 
the ERBE period, Table 1 
presents results from KT97 
for comparison with those 

!"#$$10$!23$456785$899:85$;389$#8<=2>?$393<4@$7:A43=$B6<$=23$*8<$CDDD$=6$

*8@$CDDE$F3<G6A$HI$;JCK0$!23$7<68A$8<<6L?$G9AGM8=3$=23$?M23;8=GM$B56L$6B$

393<4@$G9$F<6F6<=G69$=6$=23G<$G;F6<=89M30

314 MARCH 2009|

Total Solar Irradiance	

 Infrared	

Shortwave	



from	
  Trenberth,	
  Fasullo,	
  and	
  Kiehl,	
  2009	
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multivariate ENSO index  
- weighted average of the main ENSO 
features contained in sea-level pressure, 
surface wind, surface sea and air 
temperature, and cloudiness in the tropical 
Pacific  (Walter and Timlin, 1998) 

Net effect of sunspot darkening and facular brightening  
-  model developed from observations of total solar irradiance  
(Lean et al. 2005) 

net effect of eight different components   
Hansen et al. (2007) 

optical thickness at 550 nm -  
compiled by Sato et al. (1993) since 
1850, updated to 1999 from 
giss.nasa.gov and extended to the 
present with zero values 

dark	
  sunspots	
  

bright	
  faculae	
  

Climate	
  Influences	
  

courtesy of Judith Lean, NRL 
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Primary	
  Climate	
  Forcing	
  Agents	
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radiative zone 
core 

convection zone 

surface surface 

photons 

deep	
  space	
  4K	
  

reflected photons 
radiated photons 

€ 

Incoming Energy =  πR2 ⋅ A⋅ S

€ 

Outgoing Energy =  4πR2 ⋅ ε ⋅σT 4

€ 

Energy Balance ⇒ T =
A
ε

1
4σ

S4 = 280K

courtesy of Judith Lean, NRL 

Sun	
   Earth	
  

not	
  to	
  scale	
  

1,391,980	
  km	
   12,742	
  km	
  149,597,900	
  km	
  
1	
  Astronomical	
  Unit	
  

5770 K 280 K 
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Where	
  Does	
  the	
  Earth	
  Get	
  Its	
  Energy?	
  

Greenhouse	
  gases	
  are	
  not	
  an	
  energy	
  source.	
  

2500	
  
X	
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The	
  Sun	
  Is	
  THE	
  Dominant	
  Driver	
  of	
  Earth’s	
  Climate	
  

Fortunately,	
  this	
  800	
  lb	
  gorilla	
  is	
  
very	
  placid	
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InternaJonal	
  Space	
  StaJon	
  AlJtude	
  Profile	
  

↑	
  
7/14/2000	
  

1999	
   2000	
   2001	
   2002	
   2003	
   2004	
   2005	
  

Solar	
  Maximum	
   Solar	
  Minimum	
  Solar	
  Minimum	
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The	
  Present	
  Sun	
  
•  Age:	
   	
   	
  4.5x109	
  years	
  

•  Radius:	
   	
   	
  7x1010	
  cm	
  (100x	
  Earth’s)	
  
• Mass:	
   	
   	
  2x1033	
  g	
  (300,000x	
  Earth’s)	
  

•  Temperature:	
   	
  5770°K	
  surface,	
  	
  
	
   	
   	
  16,000,000°K	
  core	
  heats	
  Sun	
  

The	
  Sun	
  is	
  larger	
  and	
  hoLer	
  than	
  it	
  
would	
  be	
  if	
  it	
  were	
  an	
  inert	
  ball	
  of	
  
gas	
  held	
  together	
  by	
  gravity.	
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Solar	
  Interior	
  
•  Core	
  (1/64	
  solar	
  volume	
  but	
  1/2	
  of	
  solar	
  mass)	
  

–  pressure:	
  233	
  billion	
  x	
  Earth	
  atmospheric	
  pressure	
  

–  density:	
  150	
  g/cm3	
  (13x	
  lead,	
  yet	
  this	
  is	
  H)	
  

–  temperature:	
  16,000,000°K	
  

–  nuclear	
  processes	
  burn	
  700,000,000	
  tons/sec	
  of	
  H,	
  
conver3ng	
  4,200,000	
  tons/sec	
  to	
  energy	
  

•  Radia3ve	
  zone	
  (0.72	
  solar	
  radius)	
  
–  ~5,000,000°K	
  
–  radia3on	
  dominates	
  heat	
  flow	
  

•  Convec3ve	
  zone	
  (to	
  surface)	
  
–  ~1,000,000°K	
  
–  convec3ve	
  mo3ons	
  dominate	
  flow	
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radiative zone 
core 

convection zone 

surface surface 

Sun	
   Earth	
  

photons 

not	
  to	
  scale	
  

1,391,980	
  km	
   12,742	
  km	
  149,597,900	
  km	
  
1	
  Astronomical	
  Unit	
  

5770 K 280 K 

reflected photons 
radiated photons 

€ 

Incoming Energy =  πR2 ⋅ A⋅ S

€ 

Outgoing Energy =  4πR2 ⋅ ε ⋅σT 4

€ 

Energy Balance ⇒ T =
A
ε

1
4σ

S4 = 280K

Energy	
  Balance	
  Depends	
  on	
  Orbital	
  Parameters	
  

courtesy of Judith Lean, NRL 
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•  Gravita3onal	
  force	
  

•  Planetary	
  orbital	
  mo3ons	
  are	
  conics	
  

€ 

Fg = −G⋅ m1m2

r2

Orbital	
  Dynamics	
  

€ 

r(θ) ~ 1
1+ ecosθ

Planet	
   Mercury	
   Venus	
   Earth	
   Mars	
   Jupiter	
   Saturn	
   Uranus	
   Neptune	
  

e	
   0.2056	
   0.0068	
   0.0167	
   0.0934	
   0.0483	
   0.056	
   0.0461	
   0.0097	
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Sun	
  Is	
  Most	
  Difficult	
  Solar	
  System	
  Object	
  to	
  Reach	
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•  Compute	
  the	
  center	
  of	
  mass	
  of	
  the	
  solar	
  system	
  
–  Base	
  on	
  the	
  Sun	
  and	
  Jupiter	
  only	
  and	
  express	
  in	
  solar	
  radii	
  from	
  Sun	
  center	
  

•  Compute	
  approximate	
  3dal	
  force	
  deflec3ons	
  on	
  Earth’s	
  and	
  Sun’s	
  
surfaces	
  
–  For	
  Earth,	
  use	
  Moon	
  and	
  Sun;	
  for	
  Sun,	
  use	
  Jupiter	
  

•  Compute	
  Earth’s	
  temperature	
  due	
  to:	
  
–  Solar	
  radia3on;	
  and	
  
–  Earth’s	
  internal	
  energy	
  sources	
  alone	
  

•  Es3mate	
  and	
  compare	
  expected	
  temperature	
  changes	
  from	
  winter	
  
to	
  summer	
  due	
  to	
  both:	
  
–  Sun-­‐Earth	
  distance	
  varia3ons;	
  and	
  
–  Axial	
  3lt	
  (assume	
  40°	
  la3tude	
  and	
  23.5°	
  axial	
  3lt)	
  

Problems	
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Credit:	
  Peter	
  SüLerlin,	
  Dutch	
  
Open	
  Telescope	
  Team,	
  SIU	
  

Sunspots	
  
•  Dark,	
  “cool”	
  regions	
  -­‐	
  4000°K	
  (as	
  opposed	
  to	
  6000°K)	
  
• Magne3cally	
  ac3ve	
  (~4000	
  Gauss	
  fields)	
  
•  Sites	
  of	
  flares	
  commonly	
  

•  Dura3on	
  
–  Days	
  to	
  months	
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History	
  -­‐	
  Sunspots	
  
1610-­‐1801	
  -­‐	
  Explana3ons	
  of	
  sunspots	
  

–  Galileo	
  Galilei	
  (1564-­‐1642)	
  -­‐	
  cloud-­‐like	
  structures	
  in	
  the	
  solar	
  atmosphere	
  

–  Christoph	
  Scheiner	
  (1575-­‐1650)	
  -­‐	
  intra-­‐Mercurial	
  objects;	
  dense	
  objects	
  
embedded	
  in	
  the	
  Sun’s	
  luminous	
  atmosphere	
  

–  René	
  Descartes	
  (1596-­‐1650)	
  -­‐	
  floaSng	
  aggregates	
  of	
  etheral	
  maTer	
  accreted	
  
along	
  the	
  Sun’s	
  rotaSonal	
  axis,	
  where	
  centrifugal	
  forces	
  are	
  negligible	
  

– William	
  Herschel	
  (1738-­‐1822)	
  &	
  A.	
  Wilson	
  in	
  1774	
  -­‐	
  openings	
  in	
  the	
  Sun’s	
  
luminous	
  atmosphere,	
  allowing	
  a	
  view	
  of	
  the	
  underlying,	
  cooler	
  surface	
  of	
  the	
  
Sun	
  (which	
  was	
  likely	
  inhabited)	
  

W.	
  Herschel	
  

Herschel	
  [1801]:	
  Correlated	
  the	
  price	
  of	
  wheat	
  in	
  London	
  with	
  
the	
  number	
  of	
  visible	
  sunspots,	
  aLribu3ng	
  the	
  connec3on	
  to	
  
reduced	
  rainfall	
  when	
  the	
  Sun	
  was	
  less	
  spoLed	
  



Heliophysics	
  Summer	
  School	
  
2	
  Aug.	
  2011	
   Greg	
  Kopp	
  -­‐	
  p.	
  20	
  Solar	
  Variability	
  and	
  Earth’s	
  Climate	
  

M
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History	
  –	
  Europe’s	
  LiVle	
  Ice	
  Age	
  
1645-­‐1715	
  –	
  Maunder	
  Minimum	
  

–  Solar	
  output	
  decreased	
  0.1-­‐0.3%	
  for	
  70	
  years	
  
–  Earth	
  temperatures	
  were	
  ~0.2-­‐0.4	
  C	
  colder	
  than	
  the	
  early	
  1900s	
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Sun-­‐Climate	
  ConnecJons	
  
•  The	
  70	
  years	
  (1645	
  -­‐	
  1715)	
  of	
  the	
  Maunder	
  Minimum,	
  when	
  very	
  
few	
  sunspots	
  were	
  seen,	
  coincided	
  with	
  Europe’s	
  LiLle	
  Ice	
  Age	
  

•  11	
  yr	
  cycle	
  	
  
–  Affects	
  plant	
  growth	
  
–  Varia3ons	
  in	
  ozone,	
  temperatures,	
  winds,	
  clouds,	
  precipita3on,	
  monsoons	
  

–  Varies	
  ocean/atmosphere	
  circula3on	
  paLerns	
  (North	
  Atlan3c	
  Oscilla3on)	
  

–  Changes	
  in	
  forest	
  fires	
  in	
  N.	
  America,	
  rainfall	
  in	
  Africa,	
  warm	
  temperatures	
  in	
  
Alaska,	
  hurricanes	
  in	
  N.	
  Atlan3c	
  

•  Understanding	
  and	
  predic3on	
  are	
  difficult	
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The	
  Total	
  Solar	
  Irradiance	
  Data	
  Record	
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ConstrucJng	
  Historical	
  Irradiances	
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TSI	
  Requirements	
  To	
  Address	
  Climate	
  Needs	
  
•  TIM	
  Performance	
  Requirements	
  

–  Accuracy 	
  0.01%	
  (1	
  σ)	
  

–  Stability 	
  0.001%/yr	
  (1	
  σ)	
  
–  Noise 	
  0.001%	
  (1	
  σ)	
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Climate	
  Proxies	
  
•  Ice	
  core	
  samples	
  (trapped	
  air,	
  dust,	
  volcanoes)	
  

•  Tree	
  rings	
  (moisture,	
  temperature,	
  existence	
  of	
  plants,	
  fires)	
  
•  Sea	
  surface	
  levels	
  and	
  ocean	
  sedimenta3on	
  (dust,	
  ice	
  floas)	
  

•  Rocks,	
  corals,	
  microfossils	
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Paleo-­‐Climate	
  Temperatures	
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El Nino 

La Niňa 

There	
  Are	
  Many	
  Causes	
  of	
  Climate	
  Change	
  

Anthropogenic	
  Forcings	
  
• 	
  atmospheric	
  GH	
  gases	
  -­‐	
  CO2, CH4, CFCs, O3, N2O	
  
• 	
  tropospheric	
  aerosols	
  -­‐	
  direct and indirect effects 
 of soot, sulfate, carbon, biomass burning, soil dust 	
  

Land	
  Cover	
  Changes	
  

courtesy of Judith Lean, NRL 
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Volcanism	
  Causes	
  Cooling	
  

Crowley	
  2009	
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Ocean/Atmosphere	
  Coupling	
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unit	
  
opScal	
  
depth	
  

UV radiation 
(λ < 315 nm) 
20 Wm-2 Sun	
  

near UV,VIS,IR  
Radiation 

(λ > 315 nm) 
1341 Wm-2 

ozone 

cloud cover 

Solar-­‐Terrestrial	
  	
  RadiaJve	
  Processes	
  Depend	
  on	
  
Wavelength,	
  Geography,	
  AlJtude	
  

courtesy of Judith Lean, NRL 
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ΔT = κ F 

Solar	
  Irradiance	
  Cycle	
  	
  
    ΔT  = 0.1oC 
       F = 0.15 Wm-2  (0.85 W/m2×0.7/4) 

  ∴ κ  = 0.67oC per Wm-2 

BUT…. response to cyclic decadal forcing is 
assumed to be attenuated by ∼ 5× compared 

with “equilibrium” response 

forcing 

climate sensitivity 

 IPCC range:    0.2-1oC per Wm-2
 

paleoclimate:   0.75oC  per Wm-2 

                                           Hansen, 2004 
http://visibleearth.nasa.gov 
http://www.hpl.umces.edu/~lzhong/mixed_layer/sml.htm 

current	
  understanding	
  assumes	
  that	
  climate	
  
response	
  to	
  solar	
  	
  radia3ve	
  forcing	
  is	
  

thermodynamic	
  -­‐-­‐	
  	
  
BUT	
  empirical	
  evidence	
  suggests	
  it	
  is	
  

	
  ….	
  dynamic,	
  rather	
  than	
  (or	
  as	
  well	
  as)	
   	
   	
  
	
  thermodynamic	
  
	
  …	
  engages	
  exisSng	
  circulaSon	
  paTerns	
  	
  
	
  (Hadley,	
  Ferrel,	
  and	
  Walker	
  cells)	
  and	
  	
  
	
  atmosphere-­‐	
  ocean	
  interacSons	
  (ENSO)	
  
	
  …	
  involves	
  both	
  direct	
  (surface	
  heaSng)	
  and	
  
	
  indirect	
  (stratospheric	
  influence)	
  components.	
  

solar irradiance provides a well specified external 
climate forcing for testing models and understanding	
  

Anthropogenic	
  Influence	
  
    ΔT  = 0.4oC   (1980-2006) 

       F = 1 Wm-2 (total, not all radiative) 

  ∴ κ  ≈ 0.4oC per Wm-2 

m
ix
ed
	
  la
ye
r	
  

Climate	
  Model	
  Response	
  to	
  RadiaJve	
  Forcing	
  

courtesy of Judith Lean, NRL 
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0.06 C per W/m2	

0.0009 C per sunspot	



What’s	
  Needed	
  to	
  Determine	
  Climate	
  SensiJviJes?	
  
1.  Need	
  accurate	
  and	
  stable	
  long-­‐term	
  records	
  of	
  both	
  climate	
  and	
  

driving	
  causes	
  

2.  Need	
  to	
  understand	
  cause	
  and	
  effect	
  mechanism	
  
–  Correla3on	
  does	
  not	
  imply	
  causa3on	
  

10 sunspots per senator	
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Sun	
  or	
  Greenhouse	
  Gases?	
  It	
  Depends	
  How	
  You	
  Fit...	
  
•  Stepwise	
  itera3ve	
  regression	
  
1. Fit	
  using	
  variable	
  with	
  highest	
  correla3on	
  
2. Remove	
  that	
  variable	
  
3. Repeat	
  with	
  next	
  highest	
  correla3on	
  

9-­‐year	
  running	
  mean	
  smoothing	
   11-­‐year	
  running	
  mean	
  smoothing	
  

From	
  	
  Ingram,	
  W.J.,	
  Space	
  Science	
  Reviews	
  	
  125:	
  199–211,	
  2006.	
  

courtesy of P. Pilewskie, LASP 

Ch.	
  12	
  uses	
  iteraSve	
  fits	
  –	
  
Need	
  simultaneous	
  regressions	
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What	
  Caused	
  Europe’s	
  LiVle	
  Ice	
  Age?	
  
• Maunder	
  Minimum	
  

–  Solar	
  output	
  decreased	
  0.1-­‐0.3%	
  for	
  70	
  years	
  
•  Or	
  volcanism	
  

Crowley	
  2009	
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+0.2oC	
  1997-­‐98	
  “super”	
  ENSO	
  

-­‐0.3oC	
  Pinatubo	
  volcano	
  

+0.1oC	
  Solar	
  cycle	
  

+0.4oC	
  Anthropogenic	
  effects	
  

Combined  ENSO + volcanic 
aerosols + solar activity + 
anthropogenic effects explain 
85% of observed temperature 
variance  

Global	
  Surface	
  Temperature	
  Responses	
  

CRU	
  temperature	
  data,	
  Univ.	
  East	
  Anglia,	
  UK	
  

from Kopp & Lean 2011 
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Climate	
  Influences	
  Since	
  1890	
  

courtesy of Judith Lean, NRL 
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Global	
  Surface	
  Temperature	
  Responses	
  Since	
  1890	
  
Decomposi3ons	
  of	
  

historical	
  and	
  recent	
  global	
  
surface	
  temperatures	
  give	
  

consistent	
  individual	
  
natural	
  and	
  anthropogenic	
  

components:	
  

Natural	
  components	
  	
  
account	
  for	
  <15%	
  of	
  
warming	
  since	
  1890	
  

CRU	
  temperature	
  data,	
  Univ.	
  East	
  Anglia,	
  UK	
  

	
  	
  +0.0015K /decade 

0.9K 

	
  	
  -0.0009K /decade 

	
  	
  +0.005K /decade 

	
  	
  +0.054K /decade 

	
  	
  	
  	
  0.75K	
  

courtesy of Judith Lean, NRL 
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no	
  observaSons	
   5°x5° lat/long 

Regional	
  Annual	
  Response	
  PaVerns	
  

courtesy of Judith Lean, NRL 
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(K
)	
  

Climate	
  Change	
  in	
  Next	
  Decades	
  

courtesy of Judith Lean, NRL 
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warming	
  Beijing	
  
Tan et al., 2004 

…when	
  solar	
  acSvity	
  is	
  high….	
  

warming	
  
Tasmania	
  
Hill et al., 2007 

weakened	
  upwelling	
  
and	
  trade	
  winds	
  
(warmer	
  SSTs)	
  
Cariaco	
  Basin	
  
Black et al., 1999 

tree-­‐rings	
  	
  
Chile	
  
Roig et al., 2001 
Nordemann et al. 

 Mayan	
  drought	
  
Cariaco	
  Basin 
Hodell et al., 2001 
Haug et al., 2003 

increased	
  
temperature	
  &	
  
moisture	
  
SW	
  Alaska	
  
Sheng et al., 2003 high	
  rainfall	
  

Oman 
Neff et al., 2001 

warming	
  
North	
  Atlan3c	
  
Bond et al., 2000 

drought	
  
Equatorial	
  	
  
East	
  Africa	
  
Verschuren et al., 2000 

 drought	
  	
  
Western	
  US 
Cookl et al., 2001 

stronger	
  monsoon	
  
Wangxiang	
  cave 
Zhang et al., 2008 

significant	
  local	
  changes	
  do	
  not	
  imply	
  global	
  changes	
  of	
  equal	
  magnitude	
  	
  

streamflow	
  
Parana	
  River	
  
Mauas et al., 2008 
. 

Paleo	
  Sun–Climate	
  Synopsis	
  

courtesy of Judith Lean, NRL 
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derived from 
observations 

simulated by 
GISS Model E 
climate model 

IPCC	
  AR5	
  climate	
  
change	
  simulations	
  
now	
  underway	
  	
  
input	
  solar	
  spectral	
  
irradiance	
  
(AR4	
  used	
  TSI)	
  

Schmidt	
  et	
  al.,	
  2011	
  
“Climate	
  Forcing	
  
Reconstructions	
  for	
  
use	
  in	
  PMIP	
  
simulations	
  in	
  the	
  
last	
  millennium”	
  

..	
  ..inputs	
  are	
  based	
  
on	
  NRL	
  SSI	
  solar	
  
spectral	
  irradiance	
  
variability	
  model	
  

Current	
  Climate	
  Modeling	
  Capability	
  

courtesy of Judith Lean, NRL 
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unit	
  
opScal	
  
depth	
  

UV radiation 
(λ < 315 nm) 
20 Wm-2 

near UV,VIS,IR  
Radiation 

(λ > 315 nm) 
1346 Wm-2 

Sun	
  

	
  Processes	
  in	
  the	
  
Earth’s	
  Atmosphere	
  
Vary	
  with	
  Al3tude	
  

cloud	
  cover	
  

ozone	
  layer	
  

courtesy of Judith Lean, NRL 
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Value	
  of	
  TSI	
  Measurements	
  for	
  Climate	
  Science	
  
TSI	
  Measurements	
  

1.  Are	
  the	
  most	
  stable	
  solar	
  irradiance	
  measurements	
  
–  Achieve	
  stabili3es	
  necessary	
  to	
  detect	
  climate-­‐relevant	
  solar	
  variability	
  

2.  Provide	
  >30	
  year	
  solar	
  irradiance	
  record	
  of	
  en3re	
  radia3ve	
  input	
  
to	
  Earth’s	
  climate	
  system	
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Measurements	
  Help	
  AVribute	
  Climate	
  Change	
  
•  Shortwave	
  spa3al/spectral	
  measurements	
  help	
  iden3fy	
  

–  Clouds	
  
–  Land	
  use	
  (deforesta3on,	
  urbaniza3on)	
  
–  Atmosphere	
  (aerosols,	
  water,	
  CO2,	
  ...)	
  

–  Ice/snow	
  cover	
  
–  Albedo	
  

•  IR	
  helps	
  iden3fy	
  
–  Temperature	
  profile	
  

–  Atmosphere	
  

–  GHG	
  emission	
  

•  TSI	
  
–  Net	
  energy	
  

•  Incoming	
  &	
  outgoing	
  
–  Energy	
  balance	
  

team view of the closure for the TOA radiation budget. 
The TOA imbalance in the original CERES products 
is reduced by making largest changes to account for 
the uncertainties in the CERES instrument absolute 
calibration. They also use a lower value for solar 
irradiance taken from the recent TIM observations 
(Kopp et al. 2005).

Several atlases exist of surface f lux data, but 
they are fraught with global biases of several tens 
of watts per meter squared in unconstrained VOS 
observation-based products (Grist and Josey 2003) 
that show up, especially when net surface flux fields 
are globally averaged. These include some based on 
bulk flux formulas and in situ measurements, such as 
the Southampton Oceanographic Centre (SOC) from 
Grist and Josey (2003), WHOI (Yu et al. 2004; Yu and 
Weller 2007), and satellite data, such as the HOAPS 
data, now available as HOAPS version 3 (Bentamy 
et al. 2003; Schlosser and Houser 2007). The latter 
find that space-based precipitation P and evapora-
tion E estimates are globally out of balance by about 
an unphysical 5%. There are also spurious variations 
over time as new satellites and instruments become 
part of the observing system.

Zhang et al. (2006) find uncertainties in ISCCP-FD 
surface radiative fluxes of 10–15 W m−2 that arise from 
uncertainties in both near-surface temperatures and 
tropospheric humidity. Zhang et al. (2007) computed 
surface ocean energy budgets in more detail by com-
bining radiative results from ISSCP-FD with three 

surface turbulent f lux estimates, from HOAPS-2, 
NCEP reanalyses, and WHOI (Yu et al. 2004). On 
average, the oceans surface energy flux was +21 W m−2 
(downward), indicating that major biases are present. 
They suggest that the net surface radiative heating 
may be slightly too large (Zhang et al. 2004), but also 
that latent heat flux variations are too large.

There are spurious trends in the ISCCP data (e.g., 
Dai et al. 2006) and evidence of discontinuities at 
times of satellite transitions. For instance, Zhang 
et al. (20007) report earlier excellent agreement of 
ISCCP-FD with the ERBS series of measurements 
in the tropics, including the decadal variability. 
However, the ERBS data have been reprocessed 
(Wong et al. 2006), and no significant trend now 
exists in the OLR, suggesting that the previous agree-
ment was fortuitous (Trenberth et al. 2007b).

Estimates of the implied ocean heat transport from 
the NRA, indirect residual techniques, and some 
coupled models are in reasonable agreement with 
hydrographic observations (Trenberth and Caron 
2001; Grist and Josey 2003; Trenberth and Fasullo 
2008). However, the hydrographic observations also 
contain significant uncertainties resulting from both 
large natural variability and assumptions associated 
with their indirect estimation of the heat transport, 
and these must be recognized when using them to 
evaluate the various flux products. Nevertheless, the 
ocean heat transport implied by the surface fluxes 
provides a useful metric and constraint for evaluating 

products.

!"#$%&'()&$*#)+$

#+#,%-$ (./%#!0 
The results are given here 
in Table 1 for the ERBE 
period, Table 2 for the 
CERES period, and Fig. 1 
also for the CERES period. 
The tables present results 
from several sources and 
for land, ocean, and global 
domains. Slight differences 
exist in the land and ocean 
masks, so that the global 
value may consist of slight-
ly different weights for each 
component.

!"#!$%&'()*$ '&+,-.+ / For 
the ERBE period, Table 1 
presents results from KT97 
for comparison with those 

!"#$$10$!23$456785$899:85$;389$#8<=2>?$393<4@$7:A43=$B6<$=23$*8<$CDDD$=6$

*8@$CDDE$F3<G6A$HI$;JCK0$!23$7<68A$8<<6L?$G9AGM8=3$=23$?M23;8=GM$B56L$6B$

393<4@$G9$F<6F6<=G69$=6$=23G<$G;F6<=89M30

314 MARCH 2009|

TSI	

 IR	

SW	



from	
  Trenberth,	
  Fasullo,	
  and	
  Kiehl,	
  2009	
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CERES	
  and	
  TIM	
  Are	
  Improving	
  RadiaJve	
  Balance	
  Understanding	
  

TIM: 340.3 W/m2 

CERES SW: 97.7 W/m2 CERES LW: 237.1 W/m2 

Imbalance: 4.2±2.2 W/m2 
Oceans: 0.85 W/m2 
Earth Sph: 0.16 W/m2 
Terminator: 0.3 W/m2 

(1-σ uncertainties) 

values	
  from	
  Loeb	
  et	
  al.,	
  2008	
  

team view of the closure for the TOA radiation budget. 
The TOA imbalance in the original CERES products 
is reduced by making largest changes to account for 
the uncertainties in the CERES instrument absolute 
calibration. They also use a lower value for solar 
irradiance taken from the recent TIM observations 
(Kopp et al. 2005).

Several atlases exist of surface f lux data, but 
they are fraught with global biases of several tens 
of watts per meter squared in unconstrained VOS 
observation-based products (Grist and Josey 2003) 
that show up, especially when net surface flux fields 
are globally averaged. These include some based on 
bulk flux formulas and in situ measurements, such as 
the Southampton Oceanographic Centre (SOC) from 
Grist and Josey (2003), WHOI (Yu et al. 2004; Yu and 
Weller 2007), and satellite data, such as the HOAPS 
data, now available as HOAPS version 3 (Bentamy 
et al. 2003; Schlosser and Houser 2007). The latter 
find that space-based precipitation P and evapora-
tion E estimates are globally out of balance by about 
an unphysical 5%. There are also spurious variations 
over time as new satellites and instruments become 
part of the observing system.

Zhang et al. (2006) find uncertainties in ISCCP-FD 
surface radiative fluxes of 10–15 W m−2 that arise from 
uncertainties in both near-surface temperatures and 
tropospheric humidity. Zhang et al. (2007) computed 
surface ocean energy budgets in more detail by com-
bining radiative results from ISSCP-FD with three 

surface turbulent f lux estimates, from HOAPS-2, 
NCEP reanalyses, and WHOI (Yu et al. 2004). On 
average, the oceans surface energy flux was +21 W m−2 
(downward), indicating that major biases are present. 
They suggest that the net surface radiative heating 
may be slightly too large (Zhang et al. 2004), but also 
that latent heat flux variations are too large.

There are spurious trends in the ISCCP data (e.g., 
Dai et al. 2006) and evidence of discontinuities at 
times of satellite transitions. For instance, Zhang 
et al. (20007) report earlier excellent agreement of 
ISCCP-FD with the ERBS series of measurements 
in the tropics, including the decadal variability. 
However, the ERBS data have been reprocessed 
(Wong et al. 2006), and no significant trend now 
exists in the OLR, suggesting that the previous agree-
ment was fortuitous (Trenberth et al. 2007b).

Estimates of the implied ocean heat transport from 
the NRA, indirect residual techniques, and some 
coupled models are in reasonable agreement with 
hydrographic observations (Trenberth and Caron 
2001; Grist and Josey 2003; Trenberth and Fasullo 
2008). However, the hydrographic observations also 
contain significant uncertainties resulting from both 
large natural variability and assumptions associated 
with their indirect estimation of the heat transport, 
and these must be recognized when using them to 
evaluate the various flux products. Nevertheless, the 
ocean heat transport implied by the surface fluxes 
provides a useful metric and constraint for evaluating 

products.
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The results are given here 
in Table 1 for the ERBE 
period, Table 2 for the 
CERES period, and Fig. 1 
also for the CERES period. 
The tables present results 
from several sources and 
for land, ocean, and global 
domains. Slight differences 
exist in the land and ocean 
masks, so that the global 
value may consist of slight-
ly different weights for each 
component.

!"#!$%&'()*$ '&+,-.+ / For 
the ERBE period, Table 1 
presents results from KT97 
for comparison with those 
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Surface	
  and	
  atmospheric	
  temperatures	
  respond	
  to	
  the	
  individual	
  influences	
  
with	
  complex	
  spa3al	
  paLerns	
  	
  
…  dynamical as well as thermal responses, with seasonal dependence  

Natural	
  climate	
  change	
  occurs	
  simultaneously	
  with	
  anthropogenic	
  influences	
  
 …  solar & volcanic influences, internal  modes (ENSO, NAO), greenhouse gases, aerosols	
  

Past	
  and	
  future	
  solar	
  irradiance	
  records	
  are	
  needed	
  
… continuous monitoring will advance understanding of climate sensitivity	
  

Natural	
  climate	
  change	
  will	
  both	
  accelerate	
  and	
  mi3gate	
  global	
  warming	
  in	
  the	
  
next	
  two	
  decades	
  
… accelerated warming 2008-2015 from solar and anthropogenic increases 
… minimal warming 2015-2020 when the Sun counteracts anthropogenic increases 
… Europe will warm the most, even with volcanic activity	
  

Summary	
  


