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What is a model?

• A representation of a system that we want to study

• Can vary in level of complexity and resolution

• For atmospheric transport models: governed by equations 
to ensure that mass, energy, and momentum are conserved

• Can include various chemical reactions

• Usually requires simplified representation of some complex 
processes: parameterization



A simplified representation of a complex 
system enabling prediction of the system 
behavior within acceptable error

Define 

problem of 

interest

Design model; 
- Minimize # of variables

- Simplify relationships 

between variables

- Predict variable(s) of interest

Evaluate 

model with 

observations

Apply model: 
- Interpret behavior of system

- Predict response of system to changes

Improve model, characterize its error

Design 

observational 

system to test 

model



Some classes of large-scale atmospheric models:
• Numerical weather prediction (NWP) models: simulate their own 

meteorology based on initial conditions from observations: need full 
model physics, often neglect chemistry entirely

• Chemical transport models (offline): use external meteorological data as 
input and simulate tracer transport and chemistry (aerosols and gases)

• General circulation models (GCMs): simulate their own meteorology 
(traditionally at lower resolution), use external forcings (gases, aerosols, 
radiation…)

• Chemistry climate models: simulate their own meteorology and tracers, 
given different scenarios (Representative Concentration Pathways)

• Earth system models (ESMs): includes interactions between the oceans 
and land biosphere, etc. 



Which components do we need to model the 
climate? 

Strategic Plan for the U.S. Climate Change Science Program, Fig. 2-5

https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/ccspstratplan2003_all.pdf


Climate models have been increasing in 
complexity over time…



Climate models have been 
increasing in complexity 
over time…

Source: IPCC AR4, Fig 1.2

https://www.ipcc.ch/publications_and_data/ar4/wg1/en/figure-1-2.html


…which does not always lead to clearer answers!

Friedlingstein et al., BAMS, 2014

u
p

take
release

Uncertainties in carbon-climate 
feedback are relevant to climate 
prediction, and a significant source 
of uncertainty in projections.

https://doi.org/10.1175/JCLI-D-12-00579.1


Resolution has been increasing as well!

Source: IPCC AR4, Fig 1.2

https://www.ipcc.ch/publications_and_data/ar4/wg1/en/figure-1-4.html


And the resolution keeps increasing!

Kilometer-scale climate models, Schär et al., BAMS (2020)

https://doi.org/10.1175/BAMS-D-18-0167.1


Why does 
resolution 
matter for 
physics?

Kilometer-scale climate models, Schär et al., BAMS (2020)

https://doi.org/10.1175/BAMS-D-18-0167.1


Why does resolution matter for physics?

• Higher resolution models (~ 1 km) allow for convection to be 
resolved, rather than based on parameterizations

• Even higher resolution models (~ 10 m) allow for turbulent processes 
to be resolved (Large Eddy Simulations)



Why does resolution matter for tracers?

Strandgren et al., AMT, 2020

Also critical for chemistry: reactions are 
calculated based on concentrations!

https://doi.org/10.5194/amt-13-2887-2020


Why does resolution matter for tracers?

DLR, CO2Image

https://www.dlr.de/pa/en/desktopdefault.aspx/tabid-2342/6725_read-77610/


Back to 
atmospheric 
composition…

Strategic Plan for the U.S. Climate Change Science Program, 

Fig. 3-1

https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/ccspstratplan2003_all.pdf


Conservation of mass for an atmospheric 
tracer (gas or aerosol): continuity equation

Local change in 
concentration over 

time

Emissions

Transport (advection 
and convection), the 

flux divergence, 
where U is the wind 

vector

Chemical production

Chemical loss

Deposition



Building a simple atmospheric chemistry model

Objective: predict the concentration of species X

X

1. Emission

X
2. Transport

3. Chemical
production

4. Chemical loss

5. Deposition

Earth surface



The one-box model

Atmospheric “box”;
spatial distribution of X within 
box is not resolved

Atmospheric lifetime: 𝜏 =
𝑚

𝐹out + 𝐿 + 𝐷

Mass balance equation:
𝑑𝑚

𝑑𝑡
= sources − sinks = 𝐹𝑖𝑛 + 𝐸 + 𝑃 − 𝐹𝑜𝑢𝑡 − 𝐿 − 𝐷

Inflow Outflow

X
E

Deposition

D

Chemical
production

P L

Chemical
loss

Emission

FoutFin
box can be global atmosphere or 
some subdomain



The one-box model

Atmospheric lifetime: 𝜏 =
𝑚

𝐹out + 𝐿 + 𝐷

Lifetimes add in parallel: 
1

𝜏
=
𝐹𝑜𝑢𝑡
𝑚

+
𝐿

𝑚
+
𝐷

𝑚
=

1

𝜏out
+

1

𝜏chem
+

1

𝜏dep

Loss rate constants add in series: 𝑘 =
1

𝜏
= 𝑘out + 𝑘chem + 𝑘dep

Mass balance equation:
𝑑𝑚

𝑑𝑡
= sources − sinks = 𝐹𝑖𝑛 + 𝐸 + 𝑃 − 𝐹𝑜𝑢𝑡 − 𝐿 − 𝐷

Loss rate : 𝑘 =
1

𝜏
=
𝐹𝑜𝑢𝑡 + 𝐿 + 𝐷

𝑚

Fraction f removed by outflow: 𝑓 = 𝑘𝑜𝑢𝑡/𝑘Is k a constant?



In most models, it’s a bit more complex!

• Example: RACM2 chemistry scheme (Goliff et al., 2013) has 363 
chemical reactions affecting 17 stable inorganic species, 4 inorganic 
intermediates, 55 stable organic species (3 primarily of biogenic 
origin) and 43 organic intermediates

• Still a simplification of reality, with over 30 000 known VOCs emitted 
from plants alone

• Size distribution of aerosols often simplified into a few log-normal 
modes to reduce computational demands

https://doi.org/10.1016/j.atmosenv.2012.11.038


Example
Consider a pollutant emitted in an urban area of 100 km dimension. The 
pollutant can be removed from the airshed by oxidation, precipitation 
scavenging, or export. The lifetime against oxidation is 1 day. It rains once a 
week. The wind is 20 km/h. Which is the dominant pathway for removal? 

𝜏𝑐ℎ𝑒𝑚 = ? 𝜏𝑑𝑒𝑝 = ? 𝜏𝑜𝑢𝑡 = ?



Example
Consider a pollutant emitted in an urban area of 100 km dimension. The 
pollutant can be removed from the airshed by oxidation, precipitation 
scavenging, or export. The lifetime against oxidation is 1 day. It rains once a 
week. The wind is 20 km/h. Which is the dominant pathway for removal? 

𝜏𝑐ℎ𝑒𝑚 = 1 d 𝜏𝑑𝑒𝑝 = 7 d 𝜏𝑜𝑢𝑡 = 5 ℎ

So the dominant pathway is outflow.  What fraction of total removal does it account for?
.  

Total loss rate constant  k = kout + kchem + kdep = 5.9 d-1

kout = 0.2 h-1 = 4.8 d-1 kchem = 1 d-1 kdep = 0.14 d-1

So the fraction removed by outflow is kout/k = 4.8/5.9 = 0.81   or 81%.



How to interpret lifetime? 
Nitrogen dioxide (NO2) has atmospheric lifetime < one day, leading to strong gradients

Source: fossil fuel combustion        Sink: oxidation

TROPOMI NO2 between 
April and September 
2018 (ESA)

regional view

https://www.esa.int/Applications/Observing_the_Earth/Copernicus/Sentinel-5P/Nitrogen_dioxide_pollution_mapped
https://www.esa.int/var/esa/storage/images/esa_multimedia/images/2019/03/nitrogen_dioxide_levels_over_the_middle_east/19272805-1-eng-GB/Nitrogen_dioxide_levels_over_the_Middle_East_pillars.png


Carbon monoxide (CO) has an atmospheric lifetime of ~ 2 months:
mixing around latitude bands

Source: combustion        Sink: oxidation

TROPOMI CO

http://www.tropomi.eu/data-products/carbon-monoxide


Typical timescales for mixing within the 
atmosphere



Typical timescales for mixing within the 
atmosphere

Seinfeld and Pandis, Fig. 1.17



Methane (CH4) has atmospheric lifetime of ~10 years:
global mixing

Sources: wetlands, livestock, oil/gas/coal production, landfills, wastewater treatment
Sink: oxidation

TROPOMI CH4
Schneising et al., 2019

https://amt.copernicus.org/articles/12/6771/2019/


Simple models can still be valid and insightful! 
Consider methane:



Special case: constant source, first-order sink
𝑑𝑚

𝑑𝑡
= −𝑘𝑚 ⇒ 𝑚(𝑡) = 𝑚(0)𝑒−𝑘𝑡 +

𝑆

𝑘
(1 − 𝑒−𝑘𝑡)

Steady state 

solution 

(dm/dt = 0)

Initial condition m(0)

Characteristic time t = 1/k for

• reaching steady state

• decay of initial condition

If S, k are constant over t >> t, then dm/dt g 0 and mgS/k: (steady state)



The enigma of atmospheric methane 

It was approaching steady state in 
the early 2000s

…but then it started to increase again. 
Increasing sources (which?), decreasing
sink?



TWO-BOX MODEL
defines spatial variation between two domains

Mass balance equations: 𝑑𝑚1

𝑑𝑡
= 𝐸1 + 𝑃1 − 𝐿1 − 𝐷1 − 𝑘12𝑚1 + 𝑘21𝑚2

𝑑𝑚2

𝑑𝑡
= 𝐸2 + 𝑃2 − 𝐿2 − 𝐷2 + 𝑘12𝑚1 − 𝑘21𝑚2

 system of two coupled ordinary differential equations 

(or algebraic equations if system is assumed to be at steady state) 

m1 m2

k12m1

k21m2



Was used to argue that the increase was 
caused by changes in the OH sink

Turner et al., PNAS, 2017

https://www.pnas.org/doi/10.1073/pnas.1616020114


Recall: Typical timescales for mixing within 
the atmosphere



Was used to argue that the increase was 
caused by changes in the OH sink

Turner et al., PNAS, 2017

“Here we use a 

multispecies inversion to 

determine the cause of 

these decadal trends. The 

most likely explanation for 

the renewed growth in 

atmospheric methane 

involves a decrease in 

hydroxyl (OH), the main 

sink for atmospheric 

methane, that is partially 

offset by a decrease in 

methane emissions.”

https://www.pnas.org/doi/10.1073/pnas.1616020114


Eulerian vs. Lagrangian models



Other model forms: Lagrangian models

Used both for 
plume modelling 
(in the forward 
direction) and for 
inverse 
modelling (with 
time inverted). 
Can be very 
efficient!



An iterative process, to improve our 
understanding of the atmosphere

Define 

problem of 

interest

Design model; 
- Minimize # of variables

- Simplify relationships 

between variables

- Predict variable(s) of interest

Evaluate 

model with 

observations

Apply model: 
- Interpret behavior of system

- Predict response of system to changes

Improve model, characterize its error

Design 

observational 

system to test 

model


