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Part 1. Climate

Living in a thin fluid on a rotating sphere



NASA EPIC

From more than a million miles away…



ATS-1 1966



NASA ISS



Jeff Miller UW-Communications







NYTimes





https://brunomarion.com/butterfly-effect/

Ed Lorenz, MIT

Deterministic Chaos



http://www.meteo.psu.edu/ewall/ewall.html



ECMWF



Climate = Average of Weather over space and 
time, typically regions and decades

Climate is what you expect
• Weather is what you get

Climate is your personality
• Weather is your mood



The Anthropocene



The Earth System

• Atmosphere
• Land

• Biosphere
• Pedosphere
• Lithosphere

• Water
• Hydrosphere: ocean + freshwater
• Cryosphere: ice

• People



NASA / https://education.nationalgeographic.org/resource/sun/





ENERGY IN = ENERGY OUT

• ENERGY IN
• S – Solar incoming at 1 AU  = ~1340 W m-2

• Impinging on circular cross section of earth 
• = S pre

2

• Some is reflected back, albedo = a
• = S pre

2 (1- a)
• ENERGY OUT

• sTs
4 - Stefan-Boltzmann Law for Integrated 

Blackbody Radiation, emitted all directions
• = sTs

4 4pre
2

• Set these equal, solve for Ts



Solution



255 K is

A. A reasonable rough estimate of the global 
temperature of the earth-atmosphere system

B. Too cold - we didnʼt consider the effect of 
radiative absorption by atmospheric trace 
gases

C. Too cold - we didnʼt consider the residual 
heat content of oceans

D. Too hot - we didnʼt consider the effect of 
clouds on solar incoming radiation

E. Too hot - we didnʼt consider the effect of 
Earthʼs tilt
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ENERGY IN = ENERGY OUT

• ENERGY IN
• S – Solar incoming at 1 AU  = ~1340 W m-2

• Impinging on circular cross section of earth 
• = S pre

2

• Some if reflected back, albedo = a
• = S pre

2 (1- a)
• esTa

4 - Stefan-Boltzmann Law for Integrated Greybody
Radiation, emitted all directions:

• Top of atmosphere: S pre
2 (1- a) 

• At surface: S pre
2 (1- a) + esTa

4 4pre
2

• ENERGY OUT
• Top of atmosphere: = esTa

4 4pre
2

• Bottom of atmosphere = sTs
4 4pre

2

• Let’s try e = 1
• Set these equal, solve for Ts and Ta

Take 2



Perfect Greenhouse



What’s in the air?







Water Vapor is the biggest greenhouse 
gas (but can not be directly controlled)







Energy In = Energy Out



Realistic Greenhouse



This is not “new” science

Eunice Foote 1856
Tyndall 1859 

Arrehenius 1896 

Callendar 1938 Plass 1953 Simpson 1958



Nobel Prize for Physics 2021



https://www.youtube.com/watch?v=nS5ReAWncHc



https://robertcarrollweather.files.wordpress.com/2014/11/agburt01_09.jpg









von Schuckmann et al. (2020).
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Navier-Stokes Equation for viscous flow on a rotating sphere

No known closed-form solution 
Turbulent (deterministic chaos + random) fluid mechanics = 

last major unsolved problem of classical physics!!







k



• Do all areas warm or cool equally? Where do you see major differences?
• What appears to be unique about 1992 and what might explain it?
• What pattern is seen in the tropical Pacific and what might explain it?
• Which parts of the world are first affected by warming? Why?
• Where is China today in comparison to the long term average? 2040? 2060? 2080?
• Which major areas experience long-term cooling? Does it negate the prediction of global warming?

https://www.gfdl.noaa.gov/visualizations-climate-prediction/



But it’s also not “old” science

Insideclimatenews.org

Nobel Peace Prize 2007



https://www.bloomberg.com/graphics/2015-whats-warming-the-world/







Transient Climate 
Response to Emissions

TCRE

warming

cumulative emissions

CO2 increment

CMIP6

Scott Denning





Shanghai

Bangkok

https://www.nytimes.com/interactive/2019/10/29/climate/coastal-cities-underwater.html



https://www.nytimes.com/interactive/2017/07/28/climate/more-frequent-extreme-summer-heat.html

Klaus Hasselmann
Nobel Prize Physics 2021



Ed Hawkins

What can WE do about 
climate change? A lot!







Solutions are abundant

• https://www.drawdown.org/solutions

https://www.drawdown.org/solutions




Positive vegetation-rainfall feedback: Low 
greenness -> Higher albedo -> Low-level cooling 
-> Increased stability of atmosphere 
->Subsidence -> Drying

Greener vegetation -> Higher moisture 
recycling
Less vegetation -> More dust emissions











Big challenges in climate physics

• Representation and effect of clouds and aerosols 
on climate
• Non-linear interactions and feedbacks of land, 

ocean, sea ice on atmosphere
• Predictability of seasonal to decadal ocean 

circulation and climate variations
• Impacts and feedbacks of climate change on 

regional ecosystems, society, economy, and 
policy
• Communication of risks and hazards for effective 

governance, technology development, and 
mitigation or adaptation



What questions do you have?
Questions you might ask:
• Why is climate change so politically divisive?
• Are we doomed? 
• What have been the primary contributions to improving 

weather forecasts?
• Will it rain tomorrow?
• Will we have a heatwave next summer?
• What research projects are your students doing?
• Are there “hot spots” or places of high sensitivity of land 

use and change on atmosphere?
• Is planting a trillion trees good for climate?
• What is it like to study in US or be a professor?
• As a journal editor, do you have insights into publication 

process?



Thank you!
Ankur Desai
desai@aos.wisc.edu
https://flux.aos.wisc.edu
@profdesai

Photo: Jeff Miller, UW Communications



Part 2. Earth System

Ecosystem Biogeochemistry
It’s mostly physics!











What did we learn?

• CO2 increasing 2.5 ppm per year today, increase 
from 1 ppm per year in 1960s
• It has a strong seasonal cycle that tracks northern 

hemisphere plant lifecycle
• Southern hemisphere concentrations are lagged 

from Northern hemisphere by ~1-2 years
• Methane and nitrous oxide also increasing
• Post aboveground nuclear testing ban, 

radiocarbon 14C fraction is decreasing
• Stable isotope fraction 13C/12C also decreasing
• Why? FOSSIL FUELS!



Mauna Loa Carbon Dioxide RecordProblem: CO2 should by increasing twice as fast! 

Trend expected 
from fossil-fuel 
burning



Problem: CO2 rate of increase in atmosphere is not smooth



Implication: CO2 is going somewhere, but not consistently

Houghton et al. (2007)

“Missing Sink”



Ocean (Dissolved)
Land (Vegetation and Soil)
Rocks (Sediment)
Accounting error (We are bad at math)



Implication: CO2 is going somewhere, but not consistently

Houghton et al. (2007)



Where is the missing sink?

• A. In the high-latitude oceans, Henry’s Law requires that 
oceans low in CO2 like the polar oceans absorb carbon 
dioxide to be in equilibrium in atmosphere

• B. In equatorial oceans, where biological productivity is 
high, since there is high light and warm water

• C. In mid-latitude ecosystems, given the vast expanse of 
forests and peat wetlands in Canada, Russia, China, and 
low rates of decomposition given the cold winters

• D. In the tropical forests of the Amazon, Africa, Indonesia, 
with the high year-round productivity and biodiversity

• E. Somewhere else: semi-arid sub-tropics, urban areas, 
permafrost, coastal oceans, professor’s bathroom, 
geological plate subduction



Robert Rohdes



Plate Tectonics and CO2

• Seafloor spreading -- > volcanos release CO2

• Mountain building enhances chemical weathering 
-->  consumes CO2

• Very slow process (10,000+ years)

Scott Denning



CO2 is Earth’s Geologic Thermostat

“Negative 
Feedback”

• Warming 
leads to 
cooling
• Cooling 

leads to 
warming

Scott Denning







Credits: Smithsonian



https://www.cbsnews.com/pictures/magnificent-microscopic-creatures-of-the-seas/2/





Alexander von Humboldt, 1802



Wladimir Köppen, 1846 







Global Net Primary Productivity - 1983





There must be a large terrestrial carbon sink in the Northern Hemisphere and/or Tropics!



Stephens et al., 2007

Tropical sink offsets deforestation

Northern Hemisphere land sink is modest



MODIS GPP (NASA)

GPP = Gross Primary Productivity = photosynthesis



Bonan 2008



30%
11.0 GtCO2/yr

Fate of anthropogenic CO2 emissions (2007–2016)

Source: CDIAC; NOAA-ESRL; Houghton and Nassikas 2017; Hansis et al 2015; Le Quéré et al 2017; Global Carbon 
Budget 2017

24%
8.8 GtCO2/yr

34.4 GtCO2/yr

88%

12%
4.8 GtCO2/yr

17.2 GtCO2/yr

46%

Sources  =  Sinks

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
https://dx.doi.org/10.1002/2016GB005546
http://dx.doi.org/10.1002/2014GB004997
https://doi.org/10.5194/essd-2017-123
http://www.globalcarbonproject.org/carbonbudget/


Where is the missing sink?

• A. In the high-latitude oceans, Henry’s Law requires that 
oceans low in CO2 like the polar oceans absorb carbon 
dioxide to be in equilibrium in atmosphere

• B. In equatorial oceans, where biological productivity is 
high, since there is high light and warm water

• C. In mid-latitude ecosystems, given the vast expanse of 
forests and peat wetlands in Canada, Russia, China, and 
low rates of decomposition given the cold winters

• D. In the tropical forests of the Amazon, Africa, Indonesia, 
with the high year-round productivity and biodiversity

• E. Somewhere else: semi-arid sub-tropics, urban areas, 
permafrost, coastal oceans, professor’s bathroom, 
geological plate subduction



What is the future of this land sink?

“Physics and chemistry sets the law, biological organisms are the lawyers” – Dave Moore











D. Baldocchi



w’

𝜌

t’
c’ , q’ 

Sonic anemometer

Thermistor, hygrometer, 
barometer

Infrared gas 
analyzer

F ws w sa= ×r r~ ' '
LE = Latent Heat flux 

𝜌 w’q’

H =Sensible Heat flux 
𝜌 w’t’

Net radiation =
Net solar + net Longwave



History
• 1880-1920s Turublence theory (Reynolds, Prandtl, 

Richardson, Taylor)
• 1940s-1950s Surface-layer theory (Monin-Obhukov, 

Kolmogorov), development of fast sensors for 
anemometry

• 1960s early measurements (Inoue, Wyngaard, Kaimal)
• 1970s forest fluxes (Raupach, Lenschow, Denmead)
• 1970s CO2 fluxes (Desjardins, Leuning)
• 1980s Infrared gas analyzers (Verma, Anderson, 

Valentini)
• 1990s First long-term regional CO2 flux networks (Wofsy,      

Baldocchi, Goulden, Law, Aubinet, Torn)
• 2000s Global syntheses (FLUXNET, Falge, Papale, 

Reichstein, Moffat, Novick)
• 2010s Model-data integration, development of 

operational measurements (NEON, ICOS, you?)



Photo: Jeff Miller, UW Communications



Desai et al., 2022



Negative number = taking carbon dioxide out of the air



Desai et al., 2005







114



Interannual variations

Region shifts from source
to sink to near neutral over 
25 year period

Limited coherence at the 
forest and wetland sites, 
which are more impacted by 
local disturbances

Older forests have highest 
GPP and respiration

Desai et al., 2022









Lots of towers!



Niu et al., 2012



https://www.nytimes.com/2020/01/10/world/australia/australia-wildfires-photos.html

https://www.nytimes.com/2020/01/10/world/australia/australia-wildfires-photos.html




Intersection of air quality and 
climate change on productivity

Liu and Desai, Earth’s Future, 2021



From Fargione et al. 2018

Nature-Based Climate Solutions





http://www.xinhuanet.com/english/2019-03/21/c_137913274.htm



Big challenges in ecosystem science

• Predicting fate of terrestrial carbon, water, and 
nutrients in ecosystems from leaf to continental 
scale
• Impacts of higher CO2, longer growing seasons, 

nutrient deposition, shifting atmospheric water 
demand, and microbial population changes on 
ecosystem structure and function
• The future of plant mortality from disturbance, 

fire, pests in a changing climate
• Impact of management and land use on carbon 

storage and ecosystem services, including for 
climate change mitigation

Intersection of physics, biology, chemistry, geology, policy, economics, and computing!!!





Thank you!
Ankur Desai
desai@aos.wisc.edu
https://flux.aos.wisc.edu
@profdesai

Photo: Jonathan Thom, UW



What questions do you have? 
You could ask:
• Do ecosystems emit or sequester other greenhouse 

gases that are important for climate?
• Do eddy covariance flux towers sample all vegetation 

types and locations equally?
• How accurate is tower measurement?
• Do you have to climb the towers yourself?
• Are there other measurements you can make on the 

tower that are important for Earth system?
• Is there a limit to the carbon fertilization effect?
• What are your students’ research projects in this 

area?
• What areas of biology should I study if I want to 

study this more?


