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Outline

1. A very rapid introduction to climate physics
(With a tropical rainfall bias)

2. How climate science uses digital twins

3. Two illustrations of my work with digital twins



The Setting

Atmosphere and ocean: fluid flow in a thin shell over a spherical, rotating, unevenly-heated planet.

 Atmosphere: ~100 km
thick; troposphere only 15
km at its thickest.

* Oceanis 11 km deep at its

deepest, approx. 4 kmin

most places.
Compare with radius of
Earth: 6371 km




The Setting

Atmosphere and ocean: fluid flow in a thin shell over a spherical, rotating, unevenly-heated planet.

Warm air expands, is

more buoyant, rises at
low latitudes

& Cool air is denser, sinks at
higher latitudes

)




The Setting

Atmosphere and ocean: fluid flow in a thin shell over a spherical, rotating, unevenly-heated planet.

Warm air expands, is more

buoyant, rises at low latitudes
Cool air is denser, sinks at
higher latitudes

Rotation & spherical shape

make these flows unstable
beyond 30-402 N/S, so these
cells end at these latitudes.

These cells are called the
Hadley Circulation.



The Setting

Atmosphere and ocean: fluid flow in a thin shell over a spherical, rotating, unevenly-heated planet with
moisture.

Warm, moist, air expands, is
more buoyant, rises at low
latitudes.

Moisture condenses and rains
out as rising air cools.

Dry

Cool, dry, air is denser, sinks at
higher latitudes.

pry These areas experience desert-
like climates.




On Earth

Clear skies, dry climate,
sinking air

Band of intense tropical rainfall
(Inter-Tropical Convergence
Zone or ITCZ)

Clear skies, dry climate,
sinking air

NOAA GOES & NASA Visualization Studio




Seasons on Earth

As the latitude of maximum incoming energy changes with the seasons, the ITCZ shifts
north/south.

spring

>

Late June e - Late December
Northern Hemisphere summer Northern Hemisphere winter
Southern Hemishpere winter . Southern Hemisphere summer

NOAA GOES & NASA Visualization Studio

autumn




Large-scale patterns affect local rainfall

The belt Of intense Seasonal rainfall shifts across Africa
tropical rainfall moves
north and south with the

seasons.

. o equator. .. .. . =
To predict rainfall at a Ry
particular location on | [ie pracipiiation innieay
timescales longer than a 0 1

few days, we need to

predict the evolution of
these patterns.

Climate.gov



https://www.climate.gov/news-features/understanding-climate/hovm%C3%B6ller-diagram-climate-scientist%E2%80%99s-best-friend

Climate change and the Hadley circulation

Climate change will

result in:
Dry & clear Moist & cloudy Dry & clear

Strengthened e A rEd Uced equatOr-

< i —
to-pole gradient in
TTT temperature
4 € < Pl < »P P | * Anincreaseinthe
¢y water vapor content
> Laten ) of the atmosphere

neating

m We need to understand
| the net effects of
opposing influences.

Su et al. 2017

Changes in wetness/dryness over much of the world will be governed by changes in this circulation pattern.



Climate change and the Hadley circulation

Dry & clear Moist & cloudy Dry & clear

More extreme rainfall

slrenginenea

R / \T TTﬁm\ges in m
B b Fhadiey Broader deserts
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Latent
heating
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Su et al. 2017

Changes in wetness/dryness over much of the world will be governed by changes in this

circulation pattern.

Intro to Climate Physics



Geophysical Fluid Dynamics:
Constructing a General Circulation Model (GCM)

Typical grid resolution:
150-200 km

40 vertical
levels

* Flow in 2 layers of fluid (ocean, atmosphere)
in a thin shell on a rotating sphere.

Tracers: Salt makes ocean water denser,
water vapor makes air lighter.

» Externally forced by spatially uneven
sunlight, changing over time

* Irregularly-shaped continents and
topography produce spatially uneven
surface conditions (temperature, moisture,
and roughness)

Linl.gov



The Primitive Equations

We construct digital twins of the Earth system by numerically solving these equations on a latitude-

longitude-height grid, stepping forward in time. dw
Conservation of Mass —4+V-.-v=

dp

dv
Conservation of Momentum T + fkxv+ Vp =F
Conservation of Energy dT B KTw _ g

dt D Cp
Conservation of Tracers (water vapor/salt) d_q — G

dt 1
Hydrostatic balance 8_qb + ﬂ — 0

dp v



The Primitive Equations

We construct digital twins of the Earth system by numerically solving these equations on a latitude-
longitude-height grid, stepping forward in time. dw
Conservation of Mass +V ,@: 0 Only horizontal velocity;
dp

aspect ratio means we
can often neglect vertical

dv
Conservation of Momentum T + fkx¥)H+ Vo =F
Conservation of Energy dT B KTw _ g

dt p Cp
Conservation of Tracers (water vapor/salt) d_q — g

dt 1
Hydrostatic balance 8_qb + ﬂ — 0

dp v



The Primitive Equations

We construct digital twins of the Earth system by numerically solving these equations on a latitude-

longitude-height grid, stepping forward in time. dw
Conservation of Mass —+V-v=0

dv
Conservation of Momentum T + fkxv+ Vp =F

Pressure co-ordinate used

Conservation of Energy dT  kTw _ Q in the vertical

dt D Cp
Conservation of Tracers (water vapor/salt) d_q — G

dt a
Hydrostatic balance 8_qb ﬂ — 0

dp) v



The Primitive Equations

We construct digital twins of the Earth system by numerically solving these equations on a latitude-

longitude-height grid, stepping forward in time. dw
Conservation of Mass —+4+V-v=0
dp
C ti fM t @ + kav + V§b :® Sub grid-scale
onservation o omentum dt turbulent motion
Energy from small-scale
Conservation of Energy dT _ KTw _@ processes, phase changes,
dt D C greenhouse gases, etc
p

Conservation of Tracers (water vapor/salt) q _ Precipitation/Evaporation or
dt - Ice formation/melt, other

sources and sinks
0 RT
Hydrostatic balance _qb +—=0

dp p



Designing Digital Twins of the Earth

S ine— =
* Conducted by large, interdisciplinary ﬁ - \
teams of researchers — usually at national 3

research orgs Output from a climate model

simulation from CEDA, UK Met

Office

* Code is open-source and publicly
available, extensively validated

CMIP_

(] ] S ;
01 2345672809 Rt esitomes, - Lt B
Specific humidity at 850 hPa [g/kg]

CMIP6 annual global average temperature (1850-2100)

e Every few years, an UN-coordinated set
of experiments is performed to validate
the various digital twins (49) and produce
directly comparable output

20 SSP5-8.5
SSP2-4.5
SSP1-2.6
historical

* Includes simulations of possible climate
change scenarios

global average near-surface air temperature (" C)

1850 1900 1950 2000 2050 2100

time Carbonbrief.org



An Experiment: What it Clouds were Transparent?

* From observations: build Rainfall in Control Minus Experiment (Northern Summer)

a hypothesis. My Rainier
hypothesis is that cloud | | . . | | | . | | . with clouds
cover acts to accumulate

energy (and thereby

rainfall) over South Asia.

* Experiment: Change the
code so there is no light
reflected back to space,
or heat reflected back to
Earth, by tropical clouds

e Purple: rainfall in control

0° 60°E 120°E 180° 120°W 60°W Drier with
run (mm/day)

clouds



Using CMIP Data: Interpreting El Nino Changes

AWI (German

* Comparing output

~ from digital twins

. from 4 different
modeling centers:
Time-averaged

. ocean

= temperatures



Example #2

" Deviation from
., the mean during
= an El Nino event:

How do we
assess which is
closest to reality?

. Which makes the
* most reliable
~ predictions?




Using CMIP Data: Interpreting El Nino Changes

Modelling the distribution of sea surface temperatures to arrive at metrics for the reliability of digital twins’ forecasts

Mean, Variance, Skewness and Kurtosis of the Mean, Variance, Skewness and Kurtosis of the
observed sea surface temperatures over time simulated sea surface temperatures over time
Longitude m———) Longitude m——

Time

8 10 8
Longitude Longitude

Kurtosis

2 4 6 8 10 12 14 16
ol

Longitude Longitude



Summary

* Climate physics is an applied fluid dynamics + thermodynamics problem;
numerical simulations are used extensively

* The Earth’s ocean and atmosphere are constrained by the setting to have
certain large-scale spatial patterns

* Small deviations from these spatial patterns have large societal impacts!

* Digital twins are developed and compared systematically around the world;
petabytes of output are publicly available

* How do we interpret the output from imperfect digital twins
intelligently?



