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B8 Reading
EARTH'S RADIATIVE ENERGY
BUDGET AND CLIMATE

* Earth’s radiative energy budget represents a nexus between
radiative forcings, feedbacks & climate response

* Powerful constraint upon hydrological cycle

* Versatile diagnostic of the impact of clouds, aerosol, water
vapour greenhouse effect and atmospheric circulation
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B8 Reading
A SIMPLE ENERGY BALANCE
MODEL OF EARTH'S CLIMATE

: Ocearlms domi.nate the heat dATwm 1 (AF — YAT,, — D)
capacity of climate system d1 G

* Temperature change linked 5, — C(ATm - ATD)/d'
to radiative forcings (AF) and T ——
response which depends on 1 | AF=YAT
feedbacks'Y. : -

* Heat uptake by the deep
ocean is importantin the
timescale and variability of
climate change

AT (K)

* Simple models are useful for : ]
interpreting climate change el em w20
e.g. Allan et al. (2014) Surv. Geophys -
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University of

SURFACE WARMING: INCOMPLETE ¥ Reading
PICTURE OF CLIMATE CHANGE

~ [ This dark red area Is climate sclentists’ officlal prediction of
world temperatures to a 75% dearce of certainty...

~-and this light red area is their official prediction of
_ "10 world temperatures to a 95% degree of certainty...

..and this heavy black line is the official
" world average temperature - which
is about to crash out of them both
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The Great Green Con no. 1: The hard proof

=-0.,59 £ ) > that finally shows global warming forecasts
196,0 19§° } 2000 tar;la; Izu:gcost ng you billions were WRONG
Mail on Sunday 16t March 2013 s 1) < ) S S
Olo -od SNT Qe ngmmlu ou may have notice: ; wnmul M!’-e-u

MIPI stop waging a green crusade with yovmonoy m Munaovo think 7
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MISSING ENERGY?

* Trenberth and Fasullo (2010, Science) highlighted an apparent large
discrepancy between net radiation and ocean heat content changes

A GLOBAL NET ENERGY BUDGET

15 =
N S

Total net energy change including melting RLaistion \

Arctic sea ice, Greenland, Antarctica, glaciers
1.0 - N\ s

W2 \l Missing energy

0.5~

Ocean heat content change

0.0
1995 2005

We undertook a reanalysis of the satellite and ocean record over the
period 2000-2010...
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http://www.sciencemag.org/content/328/5976/316.summary
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@ Umversnty of
Reading

COMBINED CERES/ARGO DATA

* Incoming Solar: SORCE Level 3V10

« Reflected Shortwave/Outgoing Longwave from EBAF
- (v2.6r > v2.8 > V3..))

e Added errorsin quadrature to give + 0.43 Wm~2
— Argo 0-2000m dOHCA/dt =0.47 + 0.38 Wm™2(2005-2010)
— >2000m ~0.07 £+ 0.05 Wm

— Heating/meltingice, heating land/atmos ~ 0.04 + 0.02 Wm~2
— CERES standard error + 0.2 Wm™2

namre
R geoscience

Observed changes in top-of-the-atmosphere
radiation and upper-ocean heating consistent
within uncertainty

Norman G. Loeb'*, John M. Lyman®3, Gregory C. Johnson®, Richard P. Allan®, David R. Doelling’,
Takmeng Wong', Brian J. Soden® and Graeme L. Stephens®



http://www.nature.com/ngeo/journal/v5/n2/abs/ngeo1375.html

E Umversnty of
Reading

CONSISTENT CHANGES IN NET
HEATING WITHIN UNCERTAINTY

* Using appropriate CERES dataset

2
— A i that accounts for degradation of
a | Il
s M N il -+ SW filter and ocean heat content
2 V| - S YN TEAS T YW Y~
g | NIRRTV Y { " data we found:
e -1 ' U
= , . . .
, | Seridegine.£a> * No evidence of a declinein
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 ocean heat|ng

O = N W
| I I |

|
——
|

heating rate (Wm™2)

Net TOA flux or ocean

|
N
1

» Stable net radiative imbalance
of 0.50 + 0.43 Wm~2

* Consistent variability within
large uncertainty

...but what about before 20007

|
w

2001

2003

| 2605 | 20b7 | 20b9 |
Loeb et al. (2012) Nat. Geosci
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http://www.nature.com/ngeo/journal/v5/n2/abs/ngeo1375.html

EARTH RADIATION BUDGET
SATELLITE DATA
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RECONSTRUCTING GLOBAL
RADIATIVE FLUXES PRIORTO 2000

ERBS/CERES ,Ya”ablhty_ CERES monthly climatology
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Combine CERES/ARGO accuracy,
ERBS WFOV stability and
reanalysis circulation patterns to

reconstruct radiative fluxes 60E 120E 180W 120W 60W -




CHANGES IN NET RADIATIVE IMBALANCE

imbalance:0.23 0.00 0.78 0.63 0.63 (Wm>)
e —— |~ ———————"
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http://onlinelibrary.wiley.com/doi/10.1002/2014GL060962/full

B8 Reading
DISCREPANCY BETWEEN RADIATION
BUDGET & OCEAN HEATING

* Large ocean heating
anomaly in 2002

q'E
S |
x v Aa B
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= osH| WY 1 radiation budget
5 N g .
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T \ \ V9 7 . .
= °°. " 1 simulations
c kY i : :
- - A v ] * Changing observing
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http://onlinelibrary.wiley.com/wol1/doi/10.1002/2014GL062669/full

UNDERSTANDING CHANGES P Reading
IN NET IMBALANCE

1.5F
) +ve RF trend
b— 1F -
s
3
< 0.5f -
S -ve RF trend
-
g o

N=AF-YAT

%8s 1ss0 1995 2000 2006 2010 ‘
Year ATy D

Analysis using simple energy balance model
Allan et al. (2014) GRL supplementary

LIMITLESSPOTENTIAL | LIMITLESS OPPORTUNITIES | LIMITLESSIMPACT


http://onlinelibrary.wiley.com/doi/10.1002/2014GL060962/abstract#footer-support-info

E Umversnty of
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IMPLICATIONS FOR S ———
CLIMATE SENSITIVITY? tellus about how

sensitive climate s

e —— Y — 1.0 /,,/ L] L] .
14l ——yens I to radiative forcing
——Y=20
1k HadCRUT4 /»_‘/_..-- = | Otto et a I . (2 O 1 3 )
—— Cowtan and Way > '_('_/‘"'/ N atu re G eosci

Infilling data gaps
influences surface
temperature
trends (Cowtan &
Way, 2013 QJRMS)

o
(=]
T

&
(5
T

Surface temperature anomaly (°C)

0.4 —

0.3 and ocean heat

0.2 . . . | | content (Lyman &
e s L 2000 2005 2010 Johnson 2014 J.

Allan et al. (2014) GRL supplementary Clim.)
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Temperature change (°C)

EXPLAINING THE
SLOWDOWN

Declining solar forcing (e.g. Hansen et al. 2013 PLOSONE),

more small volcanos (e.g. Ridley et al. 2014 GRL) & more La
Ninas/cold NH land in winter vs late 1990s appear to explain:

* Slowing in surface warming (e.g. Foster & Rahmstorf 2012)

 Slower surface warming compared with coupled simulations
(e.g. Risbey et al. 2014 ; Huber & Knutti 2014)

Mean of CMIP5

0.8 ceeseeeees CMIPS (unadjusted)

o
o

0.0 4+ N T— J—
1982 1984 1986 1988 1990 1992 1994 1996

——— CMIPS (forcing and variability adjusted)

-~ Observations

HadCRUT4 (ref. 30)

Observations:

| - - 7---V---f-.--Cvov'.vrta‘n.arnd Y\/'a.y (ref 'IO.)v ] HUber & Knutti 2014
1998 2000 2002 2004 2006 2008 2010 2012
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Role of Pacific Ocean Variability

Continued heating from rising greenhouse gas concentrations

Unusual weather

‘ Enhanced Walker \'

patterns (Ding et Ocean
alt. 2|0;g;11£e)nberth circulation
et al. o .
N Clrcula io strengthens
Heat flux to atmospheric
Indian ocean i Iculahon

Lee etal 2015
Remote
Increased link to
precipitation |/ i Atlantic?
Decreased 4j| McGregor
salinity |/ /| etal. (2014)

Enhanced mixing of heat below 100 metres depth by accelerating
shallow overturning cells and equatorial undercurrent

See: Merrifield (2010) J. Clim.; Sohn et al. (2013) Clim. Dyn.; U'Heureux et al. (2013) Nature Clim.

Change; Kosaka and Xie (2013) Nature; England et al. (2014) Nature Clim. Change; Watanabe et
al. 2014 Nature Clim. Change: Balmaseda et al. (2013) GRL; Trenberth et al. (2014) J. Clim.
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WHERE IS THE HEAT GOING?
NEW ESTIMATES OF SURFACE ENERGY FLUX

1 (1! ap
FSFC :FTOA___ V_j V(Lq+CpT+(PS+k)%dn
0

CERES/Argo Net Flux

|

Surface
Flux

xn|j AS1aua
|eyuoziioy alewn)sy

Net surface downward energy flux (Wm~2)
Liuetal. (2015) in prep
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WHERE IS THE HEAT GOING?
CHANGES IN SURFACE ENERGY FLUX

* Changesin energy
fluxes 1986-2000
to 2001-2008

" * Surface energy
flux dominated by
atmospheric

Reconstruction

s transports
1o < » Contrasting model
= ‘ : pattern of change
< | * Are reanalysis
transports
reliable?
3 9 15 e
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E Umversnty of
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FEEDBACKS ON
INTERNAL VARIABILITY?

surface flux (up)

TOA flux (down)

k} € top: less heat flux out of east
2 Pacific during warm phases?
§ ' * Models may underestimate
interdecadal variability
* Are there positive heat flux
n i feedbacks which amplify
z internal climate variability?
y:
3

Brown et al. (2015) JGR

19
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http://onlinelibrary.wiley.com/doi/10.1002/2014JD022576/full

B8 Reading
UNFORCED VARIABILITY IN
EARTH'S ENERGY BUDGET

CESML-FASTCHEM w2l - CMS
' T T

* Diverse range of
unforced variability
in CMIP5 pre-
industrial control
simulations
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Unwersnty of
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EARTH'S ENERGY BUDGET AND
PRECIPITATION RESPONSE

-------------------------------------
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Change in surfoce air temperature (K)

See also: Allen and Ingram (2002) Nature ; O’'Gorman et al.
(2012) Surv. Geophys ; Pendergrass & Hartmann (2012) GRL
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B2 Reading
SIMPLE MODEL FOR GLOBAL PRECIPITATION

—_ CMIPS mean dP anomaly (12 models)
—— Simple model dP total

Using simple model:

E 0.2} == Simple model-dP (temperature driven, KdT/L) ,,’, ! LAP kAT fAF

) — Simple model-dP (adjustment, fdF/L) i ] ammmmm sessas

"-E-... y

,_E_, 0.15¢ dATm L (AF . YATm _ D)
Q dz Lo

o Ts]

% 0.1

S N=AF - YAT

E 0.05 ==

It

S | cmips S ATy G

& historical/RCP8.5 1 D = c(ATy, — ATp)/d

09360 1860 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080

Yaar

After Allan et al. (2014) Surv. Geophys and
Thorpe and Andrews (2014) ERL

Zahra Mousavi
(PhD project)
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http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SG.pdf
http://iopscience.iop.org/1748-9326/9/6/064024

@ Umversnty of
Reading

METRICS FOR GLOBAL PRECIPITATION

0.08
0.06

* Metrics linking
emissions to
precipitation response

Pracip. Change {mm day *)

* Precipitation and
temperature response
to constant emissions
after 2008

Shine et al. (2015) in prep:

Temperature Change (K}

0 20 0 60 80 100

Time Harizan
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EARTH’S ENERGY BUDGET & REGIONAL

Umversntyof

CHANGES IN THE WATER CYCLE ¥ Reading
* Regional precipitation changes Enhanced

sensitive to asymmetries in energy transport

Earth’s energy budget —
* N. Hemisphere cooling: stronger )

heat transport into hemisphere T "‘:giiga' 1 cooling
* Reduced Sahel rainfall from: belt m

_ , hift
- Anthropogenic aerosol cooling 1950- sojtl':ws;ard

1980s: Hwang et al. (2013) GRL =
- Asymmetric volcanic forcing e.g. EQ 30N NP
Haywood et al. (2013) Nature Climate ¢ Sulphate aerosol effects on Asian

monsoon e.g. Bollasina et al.
2011 Science (left)

e Links to droughtin Horn of

M‘f" = / llj. Africa? Park et al. (2011) Clim Dyn

= / / 4 e GHGs & Sahel rainfall recovery?
/ / / Dong & Sutton (2015) Nature Clim.
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http://www.sciencemag.org/content/334/6055/502
http://www.sciencemag.org/content/334/6055/502
http://link.springer.com/article/10.1007/s00382-010-0984-y
http://link.springer.com/article/10.1007/s00382-010-0984-y
http://link.springer.com/article/10.1007/s00382-010-0984-y
http://link.springer.com/article/10.1007/s00382-010-0984-y
http://dx.doi.org/10.1038/nclimate2664
http://dx.doi.org/10.1038/nclimate2664
http://onlinelibrary.wiley.com/doi/10.1002/grl.50502/abstract
http://onlinelibrary.wiley.com/doi/10.1002/grl.50502/abstract
http://onlinelibrary.wiley.com/doi/10.1002/grl.50502/abstract
http://www.nature.com/nclimate/journal/v3/n7/full/nclimate1857.html

# ) National Centre for
= Ea.-th observatlon @ Umversnty of
Reading

OBSERVED ASYMMETRY IN
EARTH'S ENERGY BUDGET

Southern Hemisphere Northern Hemisphere

* Observed inter-
hemisphericimbalance in
Earth’'s energy budget

* Not explained by albedo:
brighter NH surface but
more clouds in SH
(Stephens et al. 2015)

* Imbalance explains
position of ITCZ
(Frierson et al. 2013)

Loeb et al. (2015) in review
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http://link.springer.com/article/10.1007/s10584-015-1391-5
http://www.nature.com/ngeo/journal/v6/n11/abs/ngeo1987.html

lllllllll

National Centre for
Earth Observation @ U“'Vers'tYOf

Reading

EQUATORIAL HEAT TRANSPORT
AND MODEL PRECIPITATION BIAS

AHT., (PW)

0.2 4 8

e Clearlink between bias in

0.4 = ' cross-equatorial heat
~. WP o transport by atmosphere
0.2 1 . Be ' and inter-hemispheric
recipitation asymmetr
00 - Models v<33*~- B PTEcp d d

-
V o @ <«— CERES/ERAInterim
al Loeb e’gal. ('201'5) in review

0.25 0.00 0.25
Tropical Precipitation Asymmetry Index

Morerainin NH =2
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National Centre for
Earth Observation

T RESEARCH

2

Umversnty of
Reading

RECENT TRENDS IN AFRICA RAINFALL

* Evaluatingand
understanding
recent changes
in Africa rainfall
Maidment et al.
(2014) JGR

* PhD project
extending this
work: impact-
relevant metrics

for Africa
(Caroline Dunning)

ensemble mean

......

.y
lllll

AMIPS

_
Q.

S

.

AP [mm/day]
© o .
o, -

— GPCP

Maidment et al. (2015) in prep

——TARCAT PDO Index

i-15

305
{0
05
1

15

1985 1990

1995 2000 2005

2010

PDO Index
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http://onlinelibrary.wiley.com/doi/10.1002/2014JD021927/full
http://onlinelibrary.wiley.com/doi/10.1002/2014JD021927/full
http://onlinelibrary.wiley.com/doi/10.1002/2014JD021927/full
http://onlinelibrary.wiley.com/doi/10.1002/2014JD021927/full

@ Umversutyof
Reading

FUTURE WORK

* Time-scales associated with net imbalance (Harries & Futyan 2006 GRL)

* Canwe reconcile ocean heating and top of atmosphere imbalance?
* Observational constraint on radiative feedbacks & climate sensitivity
* What controls decadal variability: “hiatus” and “surge” events?
* Feedbacks associated with unforced variability
» Cloud and latent heat fluxes in the Pacific e.g. Brown et al. 2014 GRL
* Do patterned radiative forcings force distinct feedback responses?

* Towhat extent does inter-hemisphericimbalance control rainfall
patterns? e.g. Hwang et al. (2012) GRL
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http://onlinelibrary.wiley.com/wol1/doi/10.1029/2006GL027457/full
http://onlinelibrary.wiley.com/wol1/doi/10.1029/2006GL027457/full
http://onlinelibrary.wiley.com/wol1/doi/10.1029/2006GL027457/full
http://onlinelibrary.wiley.com/wol1/doi/10.1029/2006GL027457/full
http://onlinelibrary.wiley.com/doi/10.1002/2014GL060625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/grl.50502/abstract

