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What is so hard about understanding/modeling CH4 loss?

Heterogeneity – it is simply not meant for box models,

but we use them….



What do you need to know? 

for a top-down calculation of the CH4 lifetime?

What are the hidden facts?



for CH4:  

trop-OH lifetime 11.2 ± 1.3 y

(from MCF)

total lifetime 9.1 ± 0.9 y 

anthrop. Emissions

352 ± 45 Tg/y 

(64% of total)



Table S1.  Primary Quantities (40)



Table S2.  Derived Quantities (46)



code primary quantity gas value % abs references and notes

a1
atmospheric mass 

(Tg)
dry air 5.113E+09 ±

based on ECMWF met fields, 

derived from [Hsu and Prather, 

2010], <0.5% uncertainty; water 

vapor mass 1.21x107

b1
molecular weight 

(Daltons)
dry air 28.97 ±

derived from N2, O2 and Ar, all 

molecular weight uncertainties are 

<0.5% 

b2 N2O 28.0 ± all N2O budgets based on Tg-N

b3 CH4 16.0 ±

b4
HFC-

134a
102.0 ± CH2FCF3

b5 MCF 133.4 ± CH3CCl3



Some 2-D & Box model still use 1013 hPa as mean surface pressure.

Water vapor is small bias.



c1*

fill factor 

(atmospheric to 

tropospheric 

abundance)

N2O 0.970 ± 1.0% 0.01

LLGHG abundances expressed 

as tropospheric means; derived 

from [J Hsu and Prather, 2010; 

Volk et al., 1997]

c2* CH4 0.973 ± 1.0% 0.01
[Hsu and Prather, 2010; Volk et 

al., 1997]

c3*
HFC-

134a
0.97 ± 2.1% 0.02

Little data on stratospheric HFCs, 

choose to be like CH4 but with 

±2% uncertainty.

c4* MCF 0.92 ± 1.1% 0.01 [Volk et al., 1997]



1981

fill factor:

ratio of tropospheric mean 

abundance to global mean 

defines the total burden

must be used to adjust 

MCF observed decay rate

like CH3CCl3
= 0.92

N2O 

= 0.970

CH4 

= 0.973



d1*
Preindustrial (PI) 

abundance (ppb)
N2O 270 ± 2.6% 7

from AR4 Fig 6.4 [IPCC, 2007]; 

uncertainty from [Spahni et al., 

2005]

d2* CH4 700 ± 3.6% 25

based on pre-Industrial Holocene 

values of 700 ppb (AR4, Chapter 

2.3.2, [Forster et al., 2007]); 670-

720 ppb [Meure et al., 2006]; 690-

725 ppb [Brook et al., 2008]

d3* HFCs 0 ± 0 0 no natural sources

e1*

Present day (PD = 

year 2010) 

abundance (ppb, 

HFCs in ppt)

N2O 323 ± 1.0% 3.2

[NOAA, 2011b]; ±1% uncertainty to 

account for integrating 

tropospheric mean from surface 

observations.

e2* CH4 1795 ± 1.0% 18.0 [NOAA, 2011a]; as above.

e3*
HFC-

134a
58 ± 5.0% 2.9

extrapolated from WMO Table 1-15 

[WMO, 2010] ; ±5% uncertainty 

(two independent laboratories). 

f1*
PD growth rate 

(ppb/yr)
N2O 0.8 ± 12.5% 0.1

AR4 Table 2.1 [Forster et al., 

2007], also [NOAA, 2011b]

f2* CH4 5 ± 20.0% 1
AR4, Table 2.1 [Forster et al., 

2007], also [NOAA, 2011a]

Uncertainty in PI abundance and lifetime impacts our current estimate 

of the balance between natural and anthropogenic emissions



g1
RF factor (W /m2 

/ppb)
N2O 3.03E-03 ± 6.0% 1.82E-04

all from AR4 [Forster et al., 2007], 

changing ±10% (90%-confidence) 

to ±6.1% (one sigma)

g2 CH4 3.70E-04 ± 6.0% 2.22E-05

g3
HFC-

134a
0.16 ± 6.0% 9.60E-03

h1

temperature (K) for 

scaling trop-OH 

reactions

272 ± 1.8% 5

from [Spivakovsky et al., 2000], 

uncertainty from change since [M 

Prather and Spivakovsky, 1990] 

i1

ratio of OH reaction 

rates at 272K: 

[OH+X]/[OH+MCF]

CH4 0.601 ±
10.0

%
0.060

average of [Sander et al., 2010], 

[Atkinson et al., 2008], Demore, 

1992; Hsu and Demore, 1995];..

i2
HFC-

134a
0.427 ± 10.0% 0.043

HFC reaction rate ratio to MCF 

[Sander et al., 2010], only 

uncertainty in the [OH+HFC] rate 

is used here.

j1

ratio of OH reaction 

rates at 225K: 

[OH+gas]/[OH+CH

4]

HFC-

134a
0.816 ± 10.0% 0.082

HFC reaction rate ratio to CH4 in 

stratosphere [Sander et al., 2010], 

uncertainty as (i2).



k1* global decay rate (/y) MCF 0.181 ± 2.8% 0.005
observed over 1998-2007 

[Montzka et al., 2011]

l1
stratospheric lifetime 

(y)
N2O 131 ± 7.6% 10

[Douglass et al., 2008; Fleming et 

al., 2011; Hsu &Prather, 2010; 

Strahan et al., 2011]

l2 CH4 120 ± 20.0% 24
[Prather et al., 2001], uncertainty 

estimated

l3 MCF 42.6 ± 14.1% 6

[Volk et al., 1997] scaled to 56-yr 

CFC-11 lifetime [Douglass et al., 

2008], uncertainty estimated

m1
oceanic loss 

frequency (/y)
MCF 0.000 ± n/a 0.0071

with decline in MCF, ocean may 

be a source [Wennberg et al., 

2004]; uncertainty range is 

lifetime of ±140 y.

n1
lifetime vs. soil 

uptake (y)
CH4 150 ± 33.3% 50 [Prather et al., 2001]

o1 lifetime vs. trop-Cl (y) CH4 200 ± 50.0% 100 [Allan et al., 2007]





p1
Change in trop-

OH, PI:PD
OH 0.95 ± 10.5% 0.10

from preliminary ACCMIP/CMIP5 

analysis of V. Naik (2011 Oct); 

disagrees with TAR Table 4.11 

[Prather et al., 2001], which 

predicts 1.32 from CH4 decrease.

q1

OH lifetime 

feedback, S = -

dln(OH)/dln(CH4)

CH4 0.32 ± 15.6% 0.05

from TAR Table 4.11 [Prather et 

al., 2001], with range including 

[Holmes et al., 2011]; applies only 

to tropospheric-OH lifetime.

r1

Change in trop-

OH, Y2100 : PD, 

due to 

NOx,VOC,temp.

OH 1.00 ± 15.0% 0.15
estimate of future changes in OH, 

other than the CH4 feedback (q1).

s1

lifetime(L) 

feedback, S = 

dlnL/dlnN2O

N2O -0.08 ± 25% 0.02

[Fleming et al., 2011; Prather and 

Hsu, 2010] updated with new 

calculations. The perturbation 

lifetime (PT) of a pulse is 

calculated from this and the 

lifetime (LT):  PT/LT = 1/(1-S).

t1 PI – PD lifetime (y) N2O 11 ± n/a 10
[Fleming et al., 2011], uncertainty 

to include no change.

u1

Y2100 – PD 

lifetime: to other 

than N2O change

N2O -2 ± n/a 6

for SRES A1B [Fleming et al., 

2011], large uncertainty from 

cancelling factors



Change in natural emissions from PI to PD is a key uncertainty.

(Is this attributable to human activities other than direct emissions?)

v1
Change in natural 

emissions, PI:PD
N2O 1.00 ± 10% 0.10 placeholder.

v2 CH4 1.00 ± 10% 0.10 placeholder.



code derived quantity gas value % abs derivation and notes

A1

Teramoles per ppb 

of dry air dry air 0.1765 ± 0

(a1) / (b1) (*10-9), <0.5% 

uncertainty

B1

Burden : trop-

mean (Tg/ppb) N2O 4.79 ± 1.0% (A1) * (b2) * (c1)

B2 CH4 2.75 ± 1.0% (A1) * (b3) * (c2)

B3 HFC-134a 17.5 ± 2.1% (A1) * (b4) * (c3)

C1 PD burden (Tg) N2O 1548 ± 1.4% 22 (B1) * (e1)

C2 CH4 4932 ± 1.4% 71 (B2) * (e2)

C3 HFC-134a 1.01 ± 5.4% 0.05 (B3) * (e3)

D1 PI burden (Tg) N2O 1294 ± 2.8% 36 (B1) * (d1)

D2 CH4 1923 ± 3.7% 71 (B2) * (d2)

D3 HFC-134a 0 ± 2.1% 0 (B3) * (d3)

E1

ratio of trop-OH 

loss to MCF CH4/MCF 0.601 ± 10.1% 0.061

(i1) + 1.7% uncertainty from (h1) 

propagating through exp(-1775/T) 

/ exp(-1520/T).

E2 HFC-134a 0.427 ± 10.0% 0.043

(i2) + 0.7% uncertainty from (h1) 

propagating through exp(-1630/T) 

/ exp(-1520/T).



F1

trop-OH inverse 

lifetime (/y) MCF 0.1575 ± 5.9% 0.0093 (k1) - 1/(l3) - (m1)

F2 MCF** 0.1449 ± 6.0% 0.0087

(F1) * (c4), normalized to 

uniform MCF abundance.

F3 CH4** 0.0871 ± 11.8% 0.0103

(F2) * (E1), inverse OH-lifetime 

for uniform CH4 abundance.

F4 CH4 0.0895 ± 11.8% 0.0106

(F3) / (c2); OH-lifetime 

= 11.2 ± 1.3 y

F5 HFC-134a 0.0638 ± 11.9% 0.0076 (F2) * (E2) / (c3).

G1

strat inverse 

lifetime (/y) HFC-134a 0.0068 ± 22.4% 0.0015 (j1) / (l2)

H1

total inverse 

lifetime (/y) CH4 0.1095 ± 10.3% 0.0112

(F4) + 1/(l2) + 1/(n1) + 1/(o1), 

lifetime = 9.14 y ± 10%

H2 HFC-134a 0.0706 ± 10.9% 0.0077

(F5) + (G), lifetime = 14.2 y ±

11%



I1 PD loss rate (Tg/y) N2O 11.8 ± 7.8% 0.9 (C1) / (l1)

I2 CH4 540 ± 10.4% 56 (C2) * (H1)

J1

PD growth rate 

(Tg/y) N2O 3.8 ± 12.5% 0.5 (B1) * (f1)

J2 CH4 14 ± 20.0% 3 (B2) * (f2)

K1

PD emissions 

(Tg/y) N2O 15.7 ± 6.6% 1.0 (I1) + (J1)

K2 CH4 554 ± 10.1% 56 (I2) + (J2)

L1

PD-PI abundance 

(ppb, ppt) N2O 53 ± 14.5% 8 (e1) - (d1)

L2 CH4 1095 ± 2.8% 31 (e2) - (d2)

L3

HFC-

134a 58 ± 5.0% 3 (e3) - (d3)

M1 RF:  PD-PI (W/m2) N2O 0.161 ± 15.7% 0.025 (L1) * (g1)

M2 CH4 0.405 ± 6.6% 0.027 (L2) * (g2)

M3

HFC-

134a 0.009 ± 7.8% 0.001 (L3) * (g3) / 1000

N1

perturbation 

lifetime (y) N2O 121 ± 7.9% 9.5 (l1) / [1 - (s1)]

N2 CH4 12.4 ± 11.5% 1.4

1 / [(F4) * [1-(q1)] + 1/(l2) + 1/(n1) 

+ 1/(o1)]



N3 HFC-134a 14.2 ± 10.9% 1.5 1 / (H2)

O1 GWP (100 year) N2O 317 ± 9.9% 31

298 * (N1) / 114, scaled from 

AR4, uncertainty in (N1) and 

(g1)

O2 CH4 26 ± 12.9% 3

25 * (N2) / 12, scaled from 

AR4, uncertainty in (N2) and 

(g2).

O3 HFC-134a 1447 ± 12.5% 180

1430 * (N3) / 14, scaled from 

AR4, uncertainty in (N3) and 

(g3). 

P1 PI lifetime (y) N2O 142 ± 10.0% 14 (l1) + (t1)

P2 CH4 9.5 ± 13.3% 1.3

1 / [(F4) * (p1) + 1/(l2) + 1/(n1) 

+ 1/(o1)]

Q1

PI (natural) 

emissions (Tg/y) N2O 9.1 ± 11% 1.0

(D1) / (P1), uncertainty from

MC calculation.

Q2 CH4 202 ± 14% 28 (D2) / (P2), as above.

R1

PD (natural) 

emissions (Tg/y) N2O 9.1 ± 14% 1.3

(Q1) / (v1), uncertainty from 

MC calculation.

R2 CH4 202 ± 17% 35 (Q2) / (v2), as above.

S1

PD anthropogenic 

emissions (Tg/y) N2O 6.5 ± 20% 1.3

(K1) - (R1), uncertainty from 

MC calculation.

S2 CH4 352 ± 13% 45 (K2) - (R2), as above.



CH4
OH O3CH4

+40%

CH4 climate forcing from 

1) feedback on its own lifetime

2) increase in tropospheric O3

Isaksen & Hov, 1987 – abundance increase faster than emissions

Prather, 1994 – eigenvalue decomposition shows extended mode decay

IPCC SAR (multi-model assessment), 1995/1996

1995



CH4 self-feedback, TAR

Iskasen & Hov, 1987:

feedback factor = 1.31

2001



2017 PNAS Commentary



Diagnostic quantities involving time include loss frequency, decay 

times or time scales and lifetimes. All of these are calculated 

differently and have unique diagnostic properties. 

• Local loss frequency is often assumed to be a simple, linear 

relationship between a species and its loss rate, but this fails in 

many important cases of atmospheric chemistry where reactions 

couple across species.

• Lifetimes, traditionally defined by the budget term such as total 

burden over loss rate, are mistaken for a time scale that describes 

the complete temporal behaviour of the system. 

• Time scales are really inverse eigenvalues and describe the 

temporal behavior of the system, e.g., exp( –t / TimeScale)

What about chemical modes, eigenvalues and feedbacks?



For example,

The budget Lifetime depends on the 

emissions and abundance patterns

The Time scale of the chemical modes

does not.

The CH3CCl3 “Lifetime” has varied

even when loss frequncies are fixed! 

because of the location vs. loss

Admittedly these are small (1%) but

there are clear differences.  For shorter

lived gases these would be larger.



Atmospheric Chemistry:  Linearization, time scales & chemical modes

The continuity equation for V(x,y,z,n) = abundance of species (n) at 

location (x,y,z) involves different operators

dV(x,y,z,n)/dt = 

Chemistry [V(x,y,z,n')]    local but couples all species (n') 

+ Transport [V(x',y',z',n)]    global but only same species 

+ Radiation [V(x',y',z',n")]   global through a few species (O3)

Assume that V is a solution for a generic operator A, 

dV/dt = A[V] 

The continuity equation for a perturbation δV(x,y,z,n) can be derived as

dδV/dt = d[V+δV]/dt - dV/dt

= A[V+δV] - A[V]  

= JV∙δV + order(δV2)

The elements of Jacobian matrix JV of operator A are the coefficients of 

the first terms in the Taylor expansion of A[V+δV] evaluated at V.



Atmospheric Chemistry:  Linearization, time scales & chemical modes

If the perturbation δV is an eigenvector of JV with eigenvalue λ, then 

dδV/dt = JV ∙δV ≡ λ δV

The exact solution is 

δV(t) = δV(0) exp(λt)

JV has a set of i=1:m linearly independent eigenvectors Ei each with 

eigenvalue λi (1/yr).  The Ei are dimensionless and represent a relative 

pattern of trace species, both in space and across species (x,y,z,n).  

Any perturbation can be expressed as a unique linear combination,

δV(t=0) =  Σi=1:m ai Ei

with an exact solution 

δV(t) =  Σi=1:m ai Ei exp(λit)

where the coefficients ai have abundance units (kg)



Atmospheric Chemistry:  Linearization, time scales & chemical modes

δV(t)  =  Σi=1:m ai Ei exp(λit)

For stable systems, all λi must be less than or equal to zero.  

The inverse negative eigenvalue is the e-folding decay time

Ti = -1/λi

of the chemical mode matching the (x,y,z,n) pattern of eigenvector Ei. 

δV(t)  =  Σi=1:m ai Ei exp(-t/Ti)

Any perturbation can be uniquely decomposed into chemical modes

(eigenvectors) and the temporal behavior integrated analytically using the 

eigenvalues as the inverse-negative e-folding times.  



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

Don Fisher presented a conundrum at the 1993 AFEAS workshop:

With a 2-D global atmospheric chemistry model, a pulse of CH4

did not decay with the expected steady-state lifetime (~8 yr) but 

with one that was notably longer (~12 yr).  



The response of the community at the time was that this

was a manifestation of non-linear chemistry, 

i.e., that the increases to CH4 were large enough to 

shift atmospheric chemistry into a different state.

In spite of Fisher’s claim that the delayed time scale 

was independent of the magnitude of the perturbation!

Tropospheric CH4 chemistry:  Delayed recovery of a perturbation



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

Consider a simplified schematic of the global atmospheric CH4-CO-OH 

chemical system as three reactions (Prather, 1994, 1996)

CH4 + OH  ... CO R5 = k5 [CH4] [OH] k5 = 1.266x10-7 s-1ppt-1

CO  + OH  ... R6 = k6 [CO] [OH] k6 = 5.08x10-6 s-1ppt-1

OH  + X  ... R7 = k7 [X] [OH] k7 [X] = 1.062 s-1

Given constant sources (S) for these gases the rate equations are

d[CH4]/dt =  SCH4 - R5

d[CO]/dt =  SCO + R5 - R6

d[OH]/dt   =  SOH - R5 - R6 - R7

We can pick reasonable source terms to give results for a one-box 

model that are typical of the globally averaged atmosphere:

SCH4 =  177 ppb/yr SCO =  240 ppb/yr SOH = 1464 ppb/yr

[CH4] = 1704 ppb [CO] = 100 ppb [OH] = 0.026 ppt



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

The Jacobian (J) of the chemical system is calculated from

∂(d[CH4]/dt)/∂[CH4] ∂(d[CH4]/dt)/∂[CO] ∂(d[CH4]/dt)/∂[OH]

∂(d[CO]/dt)/∂[CH4] ∂(d[CO]/dt)/∂[CO] ∂(d[CO]/dt)/∂[OH]

∂(d[OH]/dt)/∂[CH4] ∂(d[OH]/dt)/∂[CO] ∂(d[OH]/dt)/∂[OH]

and at steady-state has the value (all units are yr-1)

- 0.104 0 - 6.81 x 106

+0.104 - 4.17 - 9.23 x 106

- 0.104 - 4.17 - 56.35 x 106

The diagonal elements are the negative inverse of the traditionally 

defined atmospheric lifetimes:  

9.6 yr for CH4

0.240 yr for CO 

0.56 s for OH



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

The inverse-negative eigenvalues

(Ti = -1/λi) are different: 

13.6 yr vs. 9.6 yr

0.28 yr vs. 0.24 yr

And the eigenvectors couple all three.
(Prather, GRL, 1994, 1996)

Thus an instantaneous perturbation of δ[CH4] = 1 becomes a perturbation 

to all three species and over all three time scales: 

δ[CH4](t)  =  + 0.995 e -t/13.6 + 0.005 e -t/0.285 + 0.000 e -t/0.000000018

δ[CO] (t)  =  + 0.035 e -t/13.6 - 0.035 e -t/0.285 + 0.000 ...

δ[OH] (t)  =  ...



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

More surprisingly, a perturbation to CO alone, δ[CO]=1, causes a 

significant perturbation to CH4 that is “unmasked” in a few months:

δ[CO](t)  ≈  + 0.005 e -t/13.6 + 0.995 e -t/0.285

δ[CH4](t) ≈  + 0.15   e -t/13.6 - 0.15   e -t/0.285    

The off-diagonal elements in the Jacobian cause a coupling across all 

species, including excitation of the 13.6-yr CH4-like chemical mode in 

response to a perturbation of CO alone.



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

We now can understand Fisher's results as a coupled system:

if colored, the added CH4 decays with about an 8-yr e-fold,

background CH4 is perturbed in proportion to the added CH4,

and the total perturbation decays with a 12-yr e-fold.



Tropospheric CH4 chemistry:  Delayed recovery of a perturbation

Can we understand why this just does not work for 13CH4 or CH3CCl3?

An equivalent Tera-mole emission of these gases would have the same 

impact on OH and thus drive up the baseline 12CH4, but the scale of 

these gases is smaller.

e.g.,

a +1% addition of 12CH4 increase OH by 0.4%

but 

a +1% addition of 13CH4 increases OH by 0.004%

and hence the feedback is negligible.  



Using CH3CCl3 to measure tropospheric [OH] and infer CH4 lifetime

How accurate is this decay rate?  

At what level is it measuring [OH] vs. k(T)x[OH]?   *********



CH4 lifetime in CTMs & variants

GEOS-5

MERRA

UCI

Oslo

GEOS-5’



• Uncertainty calculated from range across stations in each network

• CTMs lie within the uncertainty range of observations, but show little 

correlation with observations

• Systematic and variable biases in concentration at collocated sites are 

large enough to explain why the networks differ from each other & models

• MCF measurements provide an upper limit on CH4 lifetime variations

(Holmes et al. ACP 2013)



Coupling of CH4 and N2O through modes.



Chemical Modes in 3-D:  1-D stratospheric N2O modes (1998)

1998:  1D diffusion model of stratosphere



Run chemistry-transport model (CTM) for decades with:

Annually repeating meteorological fields

Year 2005 at T42 (2.8°x 2.8°) L60 resolution

ECMWF IFS generates 3-hr average pieced forecasts

Chemical Modes in 3-D:  full stratosphere-troposphere coupling in CTM

2010:  3D global atmospheric chemistry



+10 Tg-CH4: mode #2 (12.5 y) O3, then mode #1 (108y) – in the stratosphere

ΔCH4



+10 Tg-N N2O:  mode #1 (108 yr) impacts on CH4, CO, O3, …



+100 Tg CO:  mode #2 (12.5 yr) and much later see mode #1 (108 yr)



Species Surface# Trop-Loss Strat-Prod Strat-Loss
Budget 

Lifetime

Mode 

Timescale

N2O (N) +13.0 -0.14 +0.14 -13.1 118.3 y 108 y

CH4 +643 -611 0 -32 7.8 y 12.5 y

Budgets & Timescales for CH4 and N2O
(UCI CTM, 2010 GRL & Science papers)

Budget terms in Tg-CH4/y or Tg-N/y

Due to Interactions of N2O with stratospheric O3 chemistry, a relatively large reduction in 

CH4 (-3.6 ppb) is tied to an increase in N2O (+10 ppb); it decays with a 108-yr time scale!

N2O’s climate impact through radiative forcing is reduced:  

(i) -8.4% because the decay of a pulse is faster than the budget lifetime e-fold and 

(ii) a further -4.5% to account for the reduction in CH4.  

CH4’s climate impact is enhanced:

(iii) OH feedbacks lengthen the time scale of perturbations by about +40(±10)%. 



More obscure conclusions from modes:

The 10 Tg-N pulse of N2O (C2) leads to a mode #1 amplitude of 10.2 

Tg-N.  Loss of this surface pulse is minimal in the first year as it mixes 

slowly into the region of stratospheric destruction.  Thus, the avoided 

loss, about 0.2 Tg-N, adds to the amplitude of mode #1, amplifying the 

integrated radiative forcing from the N2O pulse.  

Such an increase of about 2% should be applied to all greenhouse 

gases with stratospheric loss, such as CFCs, but not to those with 

tropospheric loss, such as HCFCs.  

In a similar but opposite vein, the 10 Tg CH4 pulse (C4) has an 

amplitude of only 9.85 Tg in mode #2, because the most rapid loss 

occurs in the lower atmosphere where it is emitted. 



UCI   7 Mar 2010 1147h



Environmental impact:  The magic of steady-state

A steady-state perturbation δVSS(x,y,z,n) builds up in response to a 

regular, periodic emission source of species (n) with pattern S(x,y,z,n),

i.e., emissions are the addition of species (n) to location (x,y,z).

S = Σi=1:m bi Ei (kg/yr)

An infinitesimal amount of emissions, S dt (kg), from time t in the past 

will have decayed according to each mode time, Σi=1:m bi Ei exp(-t/Ti) dt.

The steady-state perturbation is by definition the integral of S dt from 

minus infinity to the present,

δVSS ≡  ∫-∞
o S dt =  Σi=1:m bi Ei (∫-∞

o exp(-t/Ti) dt)  =  Σi=1:m Ti bi Ei

A steady-state lifetime TSS(n) for species (n) is specific to the source 

pattern S and is defined the total mass of (n) in δVSS divided by the total 

rate of emission of (n) in S, where Mn[Ei] = mi
n.

TSS(n) ≡  Mn[δVSS] / Mn[S]  =  Σi=1:m Ti bi mi
n / Σi=1:m bi mi

n (yr)



Environmental impact:  The magic of steady-state 

Given the same source pattern S, consider a pulse over a short time Δ,

δVΔ(x,y,z,n,t)  =  Σi=1:m Δ bi Ei exp(-t/Ti) (kg)

The perturbation  δVΔ can be can be integrated forward in time to give 

the integrated impact, II (kg-yr),

II(S Δ)  =  ∫o
∞ δVΔ(t) dt =  Δ Σi=1:m Ti bi Ei(x,y,z,n') 

= Δ δVSS(x,y,z,n')

It can be rewritten using the definition of TSS(n) as

II(S Δ)  =  δVSS(x,y,z,n')  TSS(n)  (Mn[SΔ] / Mn[δVSS])

The Integrated Impact -- determined from the abundance of any species 

(n') at any location (x,y,z) -- is given exactly by:

(1) the steady-state pattern in all species caused by emission of (n)

X

(2) the steady-state lifetime of species (n)

X 

(3) the ratio of the amount of (n) in pulse to that in steady state
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