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Decline in rate of surface warming?
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Radiative forcing or energy redistribution?

e Small, persistent volcanic forcing?
- e.g.

e Sulphur emissions?
- e.g.

e Stratospheric water vapour?
- e.g.

e Cloud forcing/feedbacks & El Nino?
e Ocean circulation e.g. Modelling studies:



http://www.sciencemag.org/content/333/6044/866.full.html
http://www.pnas.org/content/early/2011/06/27/1102467108.short
http://www.sciencemag.org/content/327/5970/1219.abstract
http://www.nature.com/nclimate/journal/v1/n7/full/nclimate1229.html
http://www.agu.org/journals/gl/gl1113/2011GL047835/
http://www.agu.org/pubs/crossref/2011/2011GL048417.shtml
http://www.agu.org/pubs/crossref/2011/2011GL048417.shtml

Missing energy?

. highlighted an
apparent large discrepancy between net radiation and
ocean heat content changes

A GLOBAL NET ENERGY BUDGET
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We undertook a reanalysis of the satellite and ocean record
over the period 2000-2010...


http://www.sciencemag.org/content/328/5976/316.summary
http://www.sciencemag.org/content/328/5976/316.summary
http://www.sciencemag.org/content/328/5976/316.summary
http://www.sciencemag.org/content/328/5976/316.summary
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Ocean Heat
Content data

e Use weighted integral

to account for changes
in data coverage

Ensures transition to
ARGO era does not
introduce spurious
variability

Integrate ocean heat
content trend over
time and divide by
Earth’s surface area 2
Wm-2


http://journals.ametsoc.org/doi/abs/10.1175/2008JCLI2259.1
http://journals.ametsoc.org/doi/abs/10.1175/2008JCLI2259.1

Ocean heat content data uncertainty

e Accounting for considerable sampling/structural
uncertainty we find no evidence for a robust decline
in ocean heating rate since 2005
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http://www.nature.com/ngeo/journal/v5/n2/abs/ngeo1375.html
http://www.nature.com/ngeo/journal/v5/n2/abs/ngeo1375.html

e Global Earth

Radiation Balance

Updated CERES satellite data

Global Daytime and Nighttime LW TOA Flux
(FM1; All-Sky; All Surfaces)
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Trends in net radiation

e Errors in satellite sensors and inappropriate use of
satellite products explain much of large rise in net
radiative flux shown by

global net radiation anomalies
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Combining Earth Radiation Budget
and Ocean Heat Content data
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http://www.nature.com/ngeo/journal/v5/n2/abs/ngeo1375.html
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Combining Earth Radiation Budget
and Ocean Heat Content data (2)

e Replotted so that
CERES and ERA Interim
sample 6-months later
than ARGO

system?

e Wherein ocean is

energy accumulating? 1o ceres == cmiP3
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Variation in net radiation since 1985
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http://onlinelibrary.wiley.com/doi/10.1002/met.285/full
http://onlinelibrary.wiley.com/doi/10.1002/met.285/full
http://onlinelibrary.wiley.com/doi/10.1002/met.285/full

Conclusions (1)

e Previously highlighted “missing energy” explained by
ocean heat content uncertainty combined with
inappropriate net radiation satellite products

e Heating of Earth continues (~0.5 Wm<2)

— Negative radiative forcing does not appear to strongly contribute

e |mplications:
— Energy continues to accumulate below the ocean surface
— Strengthening of Walker circulation, e.g. ?
— Implications for hydrological cycle, e.g. ?


http://journals.ametsoc.org/doi/abs/10.1175/2011JCLI3932.1
http://journals.ametsoc.org/doi/abs/10.1175/2011JCLI3932.1
http://www.agu.org/pubs/crossref/2010/2009JD012442.shtml

What has Earth’s Energy Budget got to do with
current changes in the Global Water Cycle?
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Trenberth et al. (2009) BAMS, but see update by Wild et al. (2012) Clim. Dynamics



http://www.cgd.ucar.edu/cas/Trenberth/trenberth.papers/TFK_bams09.pdf
http://www.cgd.ucar.edu/cas/Trenberth/trenberth.papers/TFK_bams09.pdf
http://link.springer.com/article/10.1007/s00382-012-1569-8
http://link.springer.com/article/10.1007/s00382-012-1569-8
http://link.springer.com/article/10.1007/s00382-012-1569-8

Direct influence of radiative forcing and climate
response on precipitation changes
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http://journals.ametsoc.org/doi/abs/10.1175/2008JCLI2759.1

Energetic constraint upon — Peading
global precipitation

LAP ~ kAT — fAF

/ T

(i) k ~2 Wm~2K-1 (ii) f dependent upon type
of radiative forcing AF

Precipitation change AP determined by:

() “slow” response to warming AT (enhanced
radiative cooling of warmer troposphere)

(i) “fast” direct influence of radiative forcing on
tropospheric energy budget (rapid adjustment)
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A simple model of precipitation change
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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

B8 Reading
A simple model of precipitation change

LAP ~ kAT — fAF.
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Allan et al. (2013) Surv. Geophys, in press
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How does/will global to regional precipitation
respond to climate change?

C—orras | ] Global constraints:
—— /| energy balance
' (Allen & Ingram 2002)
- Surface T

- Radiative forcing (GHG,
AA) (Andrews et al. 2010)

Regional constraints:

- Water vapour transports
(Held & Soden 2006)

- Radiative forcing

Land vs ocean (Cao et al. 2012)
Circulation change

, - Feedbacks

1950 2000 2050 zioo  Land vs ocean

Year _ _
Allan et al. (2013) Surv. Geophys. in press. Circulation change

See also: Hawkins & Sutton (2010) Clim. Dyn. r.p.allan@reading.ac.uk

Global mean P anomaly change (%)
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http://www.agu.org/pubs/crossref/2010/2010GL043991.shtml
http://www.agu.org/pubs/crossref/2010/2010GL043991.shtml
http://journals.ametsoc.org/doi/abs/10.1175/JCLI3990.1
http://journals.ametsoc.org/doi/abs/10.1175/JCLI3990.1
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http://journals.ametsoc.org/doi/abs/10.1175/JCLI3990.1
http://iopscience.iop.org/1748-9326/7/3/034015
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http://www.met.reading.ac.uk/~sgs02rpa/PAPERS/Allan13SGsub.pdf
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http://link.springer.com/article/10.1007/s00382-010-0810-6
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http://link.springer.com/article/10.1007/s00382-010-0810-6
http://link.springer.com/article/10.1007/s00382-010-0810-6
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Global changes in water vapour o
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Enhanced moisture transports

(moisture balance constraint)
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PREPARE project
Zahn and Allan, submitted to WRR

see also: Zahn and Allan (2013) J Clim

r.p.allan@reading.ac.uk
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CMIP5 simulations: Wet regions get ¥ Reading

wetter, dry regions get drier e

Ocean Lan d ate .
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HydrOlogical cYcl U derstanding via Process-bAsed GIObal Detection, Attribution and prediction

Liu and Allan in prep; see also Allan et al. (2010) ERL.
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Stronger ascent >

Fingerprints of precipitation
response by dynamical regime
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projections (below)

Allan (2012) Clim. Dyn.
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PREPARE project
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ldentifying “Atmospheric Rivers”
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simulated by climate models
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e Will thermodynamics dominate
over changes in dynamics under
climate change? >

...work in progress (HydEF)

Allan et al. (2013) Surv. Geophys, in press
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Evaluating climate model
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simulations of precipitation extremes
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Figure 2 | Sensitivities (% K1) of the 99.9th percentile of precipitation
for varability versus climate change in the CMIP3 simulations. The solid

Can observations be
used to constrain the
projected responses in
extreme precipitation?

O’Gorman (2012)
Nature Geosciences

See also Allan & Soden
(2008) Science

r.p.allan@reading.ac.uk
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Response of
Precipitation
Intensity

distribution to

warming:
Observations and

CMIP5, 5-day mean

Is present day
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response”?
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Allan et al. (2013) Surv. Geophys, in press, see also Allan and Soden (2008) Science .
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Observing systems: a challenge 3
Observed precipitation variability over the oceans is S oD e N
guestionable. Over land, gauges provide a useful constraint. <& “570.

Combining observational platforms is a powerful strategy e.g.
microwave, gravity, ocean heat content, reanalysis transports
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Conclusions P Reading

Energy balance is fundamental to climate response, in
particular for the water cycle

Observations indicate a positive imbalance of ~0.6 Wm™ over
the last decade despite stable surface Temperature

Energy and moisture balance powerful constraints on global-
regional water cycle

Current increases in wet and dry extremes
— Linked to rises in low-level moisture of about 7%/K

Global precipitation rises due to surface warming (~2%/K)
offset slightly by direct effect of GHG forcing on troposphere

Aerosol radiative forcing key in determining circulation-driven
precipitation responses
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