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What to Expect

@ Part I

@ How does the Earth balance its energy?
(Physics)

@ How does this energy flow? (Dynamics)

® Why predicting the flow & storage difficult?
(Numerics)

@ Part 11
@ Processes in Climate Models
@ Processes I work on

@ A case study--Truncating the Mesoscale



Striking a balance:

Earths Equilibrium Energy Balance

Reflected sunlight:
(101.9 W/m?)

| 4
_1
"~ 4
Sun >
= [
- I
Q[
) Q Received solar flux:
" N (341.3 W/m?) Geothermal

© 2010 Pearson Education, Inc (<O' 1 W/m 2)




Striking a balance:

Earths Equilibrium Energy Balance

Reflected sunlight:
(101.9 W/m?)

| 4 p
g
v
>
Sun -
N |
. |
/A
€4 Q Received solar flux:
' A (341.3 W/m?2) Geothermal

© 2010 Pearson Education, Inc (<O' 1 W/m 2)




Inverse square law:

Each spherical shell receives same power, different area

Power 1
(X —_—
Area r2
S, = 1366 Wim?2

(solar constant)

ro\°
S — SO( ) ro = | AU
d 1AU = 1.496 - 10''m
Images from KKC




Blackbody: a body that emits electromagnetic radiation equally well at all wavelengths

Blackbody Radiation: the electromagnetic radiation given off by a blackbody. This
radiation is characterized by the body’s absolute temperature

Planck function
(blackbody radiation curve)
-3
fre=tolo]
55
oo
O,
s

Wavelength
(@)

© 2010 Pearson Education, Inc

Black body spectrum (spectral energy density inside &

a blackbody cavity). Indicated units are correctly ki/m”, o

nJiem>/um. Scale by ¢/47 to achieve I'(A,T).

ul ) [Krnm]

Radiation flux
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Planck function

2898 ymK

)\max ~

x Area under curve
=
= & / x0T
O
-5 Planck function
o7
T . /
& &

Wavelength
(b)

Ty

T

200 -

1]
T=5500K

T=4000K
P

—~—

500

Wavelength
()

Stefan-Boltzmann law A relationship stating that the flux of
radiation emitted by a blackbody is related to the fourth power of
the body’s absolute temperature; derived from the Planck function.

Images from KKC,Wikipedia



The Sun & Earth both emit radiation, but:

Sun is dominantly in visible wavelengths,
Earth is primarily infrared wavelengths, not visible
Much greater solar Flux

10°. |
108

Note Scale:

Logarithmic!

Radiation flux (W/m?2/p.m)
o
(6]
|

10—1L || |
0.01 0.1 1 10 100 1000

Wavelength (um)

Images from KKC



Striking a balance:

Earths Equilibrium Energy Balance

Reflected sunliaht:
with Albedo=A=0.3

| 4 2
4 y Area: 7r;
v
3
Sun >
. |
-
B \ Received solar flux:
A Q (341.3 W/m?) Geothermal

(<0.1 W/m?)




Striking a balance:

Effective Radiating Temperature

2
S-B Out = 4nr2oT = Wrgsor—g(l — A) = Solar In
r

Solving for the
Temp:

T, =4

(1—A)

dor?

W

W
known : Sy = 1366 ro = 1AU, 0 = 5.67-1078

m?2 K4




Different Planets, Different Climates

Venus Earth Mars

Planetary Albedo: 0.8 Planetary Albedo: 0.3 Planetary Albedo: 0.22
Distance to Sun:0.72AU  Distance to Sun: [.OAU  Distance to Sun: | .52AU
Surf. Temp: 730K Surf. Temp: 288K Surf. Temp: 218K



4 S()T%

1e = (I_A)

dor?
W

L%
known : Sy = 1366—;, 79 = 1AU,0 = 5.67 - 107"
T

m?2 K4

Venus Earth Mars

Planetary Albedo: 0.8 Planetary Albedo: 0.3 Planetary Albedo: 0.22
Distance to Sun:0.72AU  Distance to Sun: [.OAU  Distance to Sun: | .52AU
Surf. Temp: 730K Surf. Temp: 288K Surf. Temp: 218K
Eff. Rad. Temp: 219K Eff. Rad. Temp: 255K Eff. Rad. Temp: 212K



So, weTe in the ballpark.
How do we do better?

@ The Effective Radiating Temperature is not the
same as the Surface Temperature!

@ Exchanges of energy among the reservoirs in
the system sets the temperatures

@ At equilibrium when outgoing=incoming, but the
details determine the temperatures of various
reservoirs of energy

@ CRUCIAL: What components are likely to vary?



Striking a More Complex Balance:
1-Layer Atmosphere Model, The Simplest Greenhouse

S (8)x4 Ts = V2 T, ~ 1.197,
4 4

\ / One-layer atmosphere 1 oT 4

Earth

Images from KKC



4 S()T’2 4
Te:\/ 0(1 — A) To = V2 T. ~ 1.19T.

W W
known : Sy = 1366—,rq = 1AU, 0 = 5.67 - 107°

m2’ m2 K4

Venus Earth Mars

Planetary Albedo: 0.8 Planetary Albedo: 0.3 Planetary Albedo: 0.22
Distance to Sun: 0.72AU  Distance to Sun: .0AU  Distance to Sun: 1.52AU

Surf. Temp: 730K Surf. Temp: 288K Surf. Temp: 218K
Eff. Rad. Temp: 219K Eff. Rad. Temp: 255K Eff. Rad. Temp: 212K
|-Layer Surf.T: 26K |-Layer Surf.T: 303K |-Layer Surf.T: 259K

UNDERESTIMATE SLIGHT OVERESTIMATE OVERESTIMATE



Different Atmospheres...

Venus atmosphere by volume:
96.5% carbon dioxide (CO,)

3.5% nitrogen (N,)
| 50ppm sulfur dioxide (SO,)
70ppm argon (Ar)
20ppm water vapor (H,O)

Mean Surf. Pressure (93 atm)

Earth atmosphere by volume:
78% nitrogen (N,)
21% oxygen (O,)
0-4% water vapor (H,O)
0.04% carbon dioxide (CO,)
|.7ppm methane (CH,)

0.3ppm nitrous oxide (N,0)
0.1ppm ozone (O,)
Mean Surf. Pressure (1| atm)

Mars atmosphere by volume:
95.3% carbon dioxide (CO,)

2.7% nitrogen (N,)
0.13% oxygen (O,)

|.6% argon (Ar)
0.03% water vapor (H,O)

Mean Surf. Press. (0.006 atm)



Solar “Constant” on longer timescales,
varies Te & Ts by about 0.01%=0.02K
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Figure 2. 40-year (cycle) averaged TSI for the past 9300 years based on its relationship with B, relative to the value of the
PMOD composite during the solar cycle minimum of the year 1986 (1365.57 Wm ?). The shaded band is the lo
uncertainty considering the uncertainties of the TSI-B, calibration and of the reconstruction of B,. The bars in the top of each
plot mark periods when TSI reaches the minimum value of 1364.64 Wm 2 corresponding to ¢ = 0 MV and B, = 0 nT.

. . . . -2 . .
During these periods the uncertainty is not defined and was set to 0.5 Wm ™=, Stelnhllber et al. 2009



Climate Variations?

The geological record shows much greater variability than
the solar constant suggests

@ Ice Ages, Medieval Warm Period, volcanic winters,
Dinosaurs, eftc.

Thus, the exchanges of energy among the reservoirs in
the system probably varies, as well as the sun!

CRUCIAL: Positive feedbacks exist in the system that

elevate variation in Te & Ts

Human perturbations (Land Use, CO2) might affect these!
QUANTITATIVE, NOT QUALITATIVE DETERMINATION



Until about
1900,

€ Volcanic and
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Doubling of CO.:
with and without feedbacks

0 More atmosphere, more greenhouse effect
(Venus vs. Mars)

[ More greenhouse gasses, more greenhouse

0 What would happen if we add greenhouse
gasses to Earth’s atmosphere?

O If we take account only of extra absorption
by CO,, a 1.2K increase

O1ln 1906, Arrhenius estimated that doubling
CO, would raise temps by 5-6K

O Why so different? Positive feedbacks!




Woater Vapor Feedback:

Water Vapor is the most important GHG on Earth, not only because it absorbs most of the
outgoing IR, but also because it responds to surface temperature changes

Ts

Warmer Surface

|\, [ W S

More Outgoing IR Absorbed
Warmer Atmosphere

Irore vap |

(+)

-

Atmospheric
H,0

More Downward IR
Warmer Surface Temp.

© 2010 Pearson Education, Inc

Greenhouse
effect

>y

More|Vapor

More Outgoing IR Absorbed

. .
IS v S—
Yy S




lce Albedo Feedback

Sea Ice Minimum 1979

Colder Surface

More lce & Snowm

()

Y

More shortwave reflected
Outgoing IR unbalanced
Lower Equilibrium Temp.

© 2010 Poarson Education, Ing

Planetary
albedo

Sea Ice Minimum 2005

Snow and
ICe cover

More Ice & Snow
Whiter surface
More shortwave reflec

Images:


http://www.nasa.gov

Rise of the IPCC velE

In 1906, Svante Arrhenius estimated that doubling
CO, would raise temps by 5-6K, and halving would

decrease by 4-5K

The Charney et al. 1979 National Academy
Assessment warned of a 1.5K to 4.5K warming with

doubled CO2

Charney worked on the first numerical
weather models (1952)

This range came from two climate model efforts
Jim Hansen’s group at NASA Goddard
Suki Manabe’s group at Princeton

The Intergovernmental Panel on Climate Change
(IPCC) was established by the World

Meteorological Organization (WMO) and the
United Nations Environment Programme (UNEP) in

1988.

The IPCC has completed four assessment reports,
developed methodology guidelines for national
greenhouse gas inventories, special reports and
technical papers. They collect the results of many!

Images from Wikipedia, unescso.org,



The Earths Climate S

System is driven by the
Suns light

(minus outgoing infrared)

The energy then flows through [EEEE—

FiG. I. The global annual mean Earth's energy budget for the Mar 2000 to

1'he system (mOS'l'ly by Winds & Hay2094 period('Wm").'ltht.:broadarrowsindicatetheschematicﬂowo!
¢ energy in proportion to their importance.
ocean currents) affecting storage
J 3 < Balance Balance
in reservoirs, e.g. different Garrison, Ocearlography |
latitudes, until it finds it way out ‘
Deficit

Deficit

Many Positive Feedbacks Involved

Heat
transfer transfer

e — ——

Radant energy
in one year

(Thermodynamically, this is a . | . | ]
nonequilibrium steady state...) ® @ 2 0 B &0

°North Latitude *South

we= Average annual we Ayarage annual
solar radiation absorbed infrared radiation emitied
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Air-Sea Flux Errors vs. Data ok
4 == AT (ECMWF)

port (PW)

Heat capacity & mode of

2]
° ° ° |
transport is different in A vs. O E Ocean (NCEP)
';c: S )
I
S. C. Bates, B. Fox-Kemper, S. R. Jayne, W. G. Large, S. Stevenson, and ' Trenberth & Caron, Ol
S. G. Yeager. Mean biases, variability, and trends in air-sea fluxes and SST in IR S B B S
40 60 80

the CCSM4.Journal of Climate, 25(22):7781-7801, 2012. N

Mean of 1986-2005 CORE Q,, (Win ?)




Part II. Modeling the Earth:

Physics, Dynamics, and Numerics

!
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BrownPhysics Department Colloquium, 9/16/13, 16:00-17:00
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The World in Global Climate Models

Mid-1970s Mid-1980s

IPCC.ch

Rivers Overturning
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Circulation Interactive Vegetation (a'a)




Resolution will be an issue for centuries to come!

Resolution of Ocean Component of Coupled IPCC models

SAR AR4 ARG?

10 FAR TAR AR5
z
Q@
g 10°
g_ First Rossby radius range
@
E If we cant resolve
V10 t mesoscale-r vina N &
c | e-resoving . _ a process, we
2 | IOkm .. *~.{it to median res.
EX need fo develop a
O \\'\ \\\\ ° .
§ 10 Moores Law“:;\; j|t to finest res. “\\\ Paramefenzahon
3 AN N or subgrid model
= 107 wmasoscaio sl of its effect
3 100m |
O _ .2

-
o

Langmuir-resolving

3m

3 ~d
19980 2000 2020 2040 2060 2080 2100
Year



GFDLCM 2.4

Ay

\ -
RN, W
S N -

Sea Surface Temperature (° .

—
[ ——— —_—

<10 31 72 114 155 196 238 279 320

A prototype mesoscale-eddy-rich climate model



The Earths Climate T s e T

System is driven by the \mz":m = f [
Suns light s . —tr wx,,z
(minus outgoing infrared) : :m::"-’ /S
=y % § U m‘:“m

Trenberth & Fasullo, 09
Fic. I. The global annual mean Earth's energy budget for the Mar 2000 to

Dissipation concludes Sy In raporaon to thel brportamen | Iche che schamedi fow of
.I.urbUIen.I- Cascades On Balance Balance

Garrison, Oceanography

forcing range
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The Ocean is :
Q: What processes to parameterize?

Today's A: Unresolved Upper Ocean with Air-Sea Impact

| Earth Circum. |

Earth Age e — - -
~ 7~ |\ -~~~ [~} _ | Milankovitch
10" % | il I [
MidLatitude
Boundary Currgn@yres
O lv e s Centennial Glimat
10'° -
> Baroclini¢ Rfissby Waves ENSO -
T Barotropic Rossbfi Waves ~ ° \ — -
© T -
) = N
£ D
Submesoscale Fronts, Eddies = Tides
105 ~ | Ekman Layer | Deep Convection Plumes \é ~
Langmuir Cells <
Salt Fingers Tsunami
Finescale Turbulence Poincare Waves
/A External Gravity Waves
Capillary Waves
| | | |

107 10° 10° 10* 10° 10°

length (m)



Needed Process: Surface Waves




FREE ATMOSPHERE

oo
e=_5
Sea-state dependent :

drag Sensible Marine Aerosol
and Latent Heat Production
Kinetic Energy

1 1 15 m
l T LT

o
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"N

Wind-wave dependent processes in the coupled climate system
Towards coupled wind-wave-AOGCM models

.“"

L. Cavaleri, B. Fox-Kemper, and M. Hemer. Wind waves in the coupled climate system. Bulletin of the American
Meteorological Society, 93(11):1651-1661, 2012.



Needed Process: =%
Submesoscale

T
Lal

(Capet et al., 2008)

Fronts
Eddies
Ro=0(1)
Ri=0(1)
near-surface
1-10km, days

© © 0 O o o

Eddy processes often
baroclinic instability

Parameterizations of
submesoscale baroclinic
instability?

B. Fox-Kemper, R. Ferrari, and R. W.
Hallberg. Parameterization of mixed layer

eddies. Part |: Theory and diagnosis. Journal
of Physical Oceanography, 38(6):1145-1165,
2008

S. Bachman and B. Fox-Kemper. Eddy
parameterization challenge suite. |: Eady
spindown. Ocean Modelling, 64:12-28, 2013



Big, Deep
(mesoscale
eddies)

cross—channel (km)

O

inferact
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Plan View Temp. ot 205m Depth
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B. Fox-Kemper, R. Ferrari,
and R. W. Hallberg.
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200 S00 400 Physical Oceanography,
along—channel (km) 38(6):1145-1165, 2008.




Needed Process:

Mesoscale Eddies

(Capairgiie F2eRes @ Boundary Currents E“
e g " Eddies Lo
Ro=0(0.1)
Ri=0O(1000)
Full Depth
Quasi-2d

Eddies strain to
produce Fronts

@ 100km, months

Eddy processes mainly baroclinic & barotropic instability.
Quasigeostrophy is likely to be very accurate.



What is a parameterization/subgrid model?

Fluid equations for A&O are PDEs (Rotating, Stratified Navier-Stokes), but we cannot resolve to
dissipation, so we use statistical or bulk subgrid models to capture multiscale interactions:

@ Express the coarse-grain averages of quantities
(including the subgrid effects), e.qg.:

—Q—E -5—__?_[ a el a3
ot Ox Ox

@ As a function of the resolved coarse-grain fields

ot oT ou ou ouT ou T | ou’

ot~ Ot or Oz ox ox

@ Note that nonlinear terms require special treatment

@ These couple different scales, small talks to large



Kolmogorov 41

3D Turbulence Cascade

forcing range

E(k)
Spectral +

Density
of
Kinetic
Energy

N ek R e A Tmm NS W ek W sl W R

—y—

|
|
-

1963: Smagorinsky Viscosity Scaling,
So the Energy Cascade is Preserved,

but order-1 gridscale Reynolds #: Re® = UL /v,

Y, Ax du.  Ovi\°> [Ou. Ov.
"*”‘( T ) \/(ax‘ ay) +<ay ax)




2D Turbulence Differs - s

forcing

E(k) A k513 /
Spectral “Hhh;;;;gzﬁﬁﬁ“““mﬁ

Enstrophy
: Ener
Densit 9y
; 4 Cascade : Cascade
© i
Kinetic |
Energy :
1
: dissipation
4— :
€
| 1
% -t 5 .
k ky kp k
0 Az

1996: Leith Devises Viscosity Scaling,
So that the Enstrophy (vorticity?) Cascade is Preserved

)3 O, av*>

vh(ay  Ox




Mesoscale (QG) Turbulence: Pot’l Enstrophy cascade
(potential vorticity?) J. Charney, 1971 JAS

forcing
E(k) A k513

Spectral k/ Potential

Density Energy Enstrophy
of Cascade Cascade

Kinetic
Energy

}

Fo e mm e m e ——— -

on

F-K & Menemenlis ‘08: Revise Leith Viscosity Scaling,
So that diverging, vorticity-free, modes are also damped

B. Fox-Kemper and D. Menemenlis. Can large eddy

simulation techniques improve mesoscale-rich ocean
V, = \/A6|th2d |2 4+ A® |vh(vh u*)|2 models? In M. Hecht and H. Hasumi, editors, Ocean

Modeling in an Eddying Regime, volume 177, pages
319-338. AGU Geophysical Monograph Series, 2008.




.0-8 lvi@15m
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Menemenlis et al. %
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Mesoscale (QG) Turbulence: Pot’l Enstrophy cascade
(potential vorticity?) J. Charney, 1971 JAS

forcing
E(k) A k513

Spectral k/ Potential

Density Energy Enstrophy
of Cascade Cascade

Kinetic
Energy

}

Fo e mm e m e ——— -

on

F-K & Menemenlis ‘08 Conjecture: a more ambitious course
would combine the best aspects of coarse resolution ocean models
(mesoscale eddy dynamics) with the adaptive methods
(numerics and scaling laws instead of fixed coefficients)
typical of higher-resolution large eddy simulations.




Trying out the Conjecture
(with S. Bachman, former PhD)

Potential Temperature

Evolution
of a
Temperature
Front

Day 1




A Recent Step Forward
olls New (with S. Bachman, former PhD)

Fromal Spindown, no GM/Red time = 0104 Fromal Spindown with Germano; time = 01 Od

Instead of using the
l least viscosity and

diffusivity numerically
H:z:: H:::z Boe bl

40

= 010¢ Fromal Spindown with (‘orrmno time= 01.0d

ly 06 We estimate the
» Hjj‘: rate of pot’l enstrophy
H e H transfer to small scale

0 » 0w 0 » 0 Matching this rate

Fromal Spindown, no GM/Reds, time = 01.0d Fromal Spindown with Gefmano time = 01, O d

l 700 provides a dynamically
,02 accurate scaling of
all mesoscale
i " eddy parameters--

° still numerically OK!




Diverse types of interaction--Can a simple spectral transfer suffice?

Slide & Movies by Peter Hamlington

P. E. Hamlington, L. P. Var.1 Roekel., B. Fox-Ker.np‘er, K. Julign, and G..P. Chini. Frontiers in Computational Physics
Langmuir-submesoscale interactions: Descriptive analysis of multiscale December 17. 2012. Boulder. CO a4
simulations. Submitted, 2013.



The Future?

The IPCC AR5 scenarios envision a range of planetary

energy imbalances: (5x to 40x variations in So)

These Representative Concentration Pathways estimate a
range of our possible policy choices

10- 10 - 10 [ Other
. . e . [ 1Halogenated
—~ B8 8 - A 8 - B NO
E ] R : [ CH,
S 6 6 - R 6 - B CO,
o
£ : .o
e 4. 4 * RS . Literature 4
< | ©™° 4 Rcp2s _
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2000 2025 2050 2075 2100 0 500 1000150020002500 ) Q © ©
i T LE LS
CO2 emissions (GtC) X X R

van Vuuren 2011



The Future?

2007 Report 2013 Report

Comparison with

CMIP3 models, SRES scenarios CMIPS models, RCP scenarios emulated CMIP3 RCP
54 — Historical (24) - 5 — Historical (42) ™
SRES B1(20) | |l — RCP26(26) 1
| SRES A1B (24) i 4 RCP 45 (32) 1
4 — SRESA2(19) RCP 6.0 (17) {

— RCP 8.5 (30)

Global surface warming (°C)
N
1

Global surface warming (°C)
N
|

A

™ . v, - o v

=~ -
o v -
- > . 3 |
o - O - - ’ N
RCP 26
- - . o

- e
1900 1950 2000 2050 2100 1900 1850 2000 2050 2100
Year Year

Figure 1| Global temperature change and uncertainty. Global temperature change (mean and one standard deviation as shading) relative to 1586-2005
for the SRES scenarios run by CMIP3 and the RCP scenarios run by CMIP5. The number of models is given in brackets. The box plots (mean, one standard
deviation, and minimum to maximum range) are given for 2080-2099 for CMIP5 (colours) and for the MAGICC model calibrated to 19 CMIP3 models
(black), both running the RCP scenarios.

Will the next round be different due to mesoscale

eddies? Probably not in global mean, but in regions:



-2.0-1.5-1.0-05 00 05 1.0 15 20 30 4.0 50 70 N0 -80 -40 =20 <10 -5 =25 O 25 5 10 20 40 80
Surface temperature change (°C) Precipitation change (%)

Stippling Indicates High Robustness (Knutti & Sedlacek, 2013)




Conclusions

Climate modeling is challenging partly due fo the
vast and diverse scales of fluid motions

In the upper ocean, horizontal scales as big as
basins, and as small as meters contribute non-
negligibly to the air-sea exchange

Process models, especially those spanning a whole
or multiple scales, are needed to study these
connections and improve subgrid models.

Even with increasing computational capability,
process and scale-specific adaptations are necessary
to represent what remains unresolved.



ALL PAPERS AT
fox-kemper.com/pubs

EXTRA SLIDES FOLLOW



Fourler Spectrum of Buoyancy Variance

A Recent Step Forward
(with S. Bachman, former PhD)
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Temperature on day0

Mixed Layer Eddy Restratification

e

Estimating eddy buoyancy/density fluxes:

uwbt =¥ x Vb

A submes Overturnlng
. . Streamfunction
Mlxed
v = Layer
B I Eddy
N Buoy.

X (km)

)

P a“m
10 0

R: ¥

S. Bachman and B. Fox-Kemper. Eddy

parameterization challenge suite. |: Eady
spindown. Ocean Modelling, 64:12-28, 2013



Physical Sensitivity of Ocean Climate to MLE:
(submeso)

Improves CFCs
CM2M H,, Coniro-dsBM () FEB | CM2M H_, Controk-deBM (m) SEP (W a.l-e r masse S)

Bias with MLE Bias w/o MLE

CM2M H__ Submeso-deBM (m) FEB

.
‘, s . Y

max=1422m, min=-1800m ' max=2888m, min=-397m

B. Fox-Kemper, G. Danabasoglu, R. Ferrari, S. M. Griffies, R. W. Hallberg, B
M. M. Holland, M. E. Maltrud, S. Peacock, and B. L. Samuels. H2 c%
Parameterization of mixed layer eddies. Ill: Implementation and impact in / / 8z

Y P ; u' gb' x Vb

global ocean climate simulations. Ocean Modelling, 39:61-78, 2011.
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Solar “Constant” varies by 0.02%,
changing Te & Ts by about 0.005%=0.01K

Composite Total Solar Irradiance
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Solar irradiance through June 2010 (from Fréhlich & Lean 2004, and PMOD/WRC).
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