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Another look at it
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Data from NOAA/ESRL1,2,3, U. Heidelberg2, UCI2, UW2, & GAGE/AGAGE 1 = CH4,   2 = δ13CH4,   3 = CH3CCl3

- De-seasonalize observational records from each site
- Split observations based on hemisphere
- Bootstrap hemispheric averages and uncertainties



Methylchloroform

• Used as solvent and insecticide prior to the Montreal 
Protocol (is also ozone depleting substance) 

• Emissions phased out in 1989



Ambiguity in the causes for decadal trends in atmospheric methane and hydroxyl 
Turner, Frankenberg, Wennberg, Jacob (in press, PNAS)
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⌧NS

Can use a simple 2-box model:
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Fits



Formal Inversion

• Minimize

 

5.1 Analytical maximum a posteriori (MAP) solution 
 

Folllowing the general pdf formulation for vectors (section 4.2), the pdfs from 
Bayes’ theorem in chapter 2 are given by 

  (5.2) -1
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where c1, c2, c3 are constants. The maximum a posteriori (MAP) solution is the value of x 
that yields the maximum of P(x|y), or equivalently the minimum of the scalar-valued cost 
function J(x): 

  (5.5) -1 1( ) ( ) ( ) ( ) (T TJ ε
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To find this minimum, we solve for ( ) :J∇ =x x 0  

  (5.6) -1 1( ) 2 ( ) 2 ( )TJ ε
−∇ = − + =x a ax S x x K S Kx - y 0

)

 

The solution is straightforward and can be expressed in compact form as 

 ˆ (= + −ax x G ay Kx  (5.7) 
 

with G given by 

 1(T T
ε )−= a aG S K KS K S+

T

 (5.8) 
 
or equivalently by: 

 1 1 1( )T − − − −= + 1
ε a εG K S K S K S  (5.9) 

 
(the second form is more expeditious to compute if m > n). G is the gain matrix and 
describes the sensitivity of the retrieval to the observations, i.e., ˆ /= ∂ ∂G x y

ˆ )−

)

.  

The error covariance matrix  of can be calculated as in chapter 3 for the 
scalar problem by rearraging the right-hand side of (5.4) to be of the form 

. The algebra is straightforward and yields 

Ŝ x̂

1ˆˆ( ) (T −−x x S x x

 1ˆ ( T
ε
− − −= +1 1

aS K S K S  (5.10) 
 

Note the similarity of our equations for to those derived for scalars in 
chapter 3.   

ˆˆ( ),  ,  , J x x G S

Daniel J. Jacob, Lectures on Inverse Modeling, 2007. 15

State vector x (size 2940) includes:  
NH and SH emissions each month 
isotopic composition of those 
OH scaling factor for each month

Measurement vector y (size 2280) size includes: 
NH and SH abundances 
NH and SH isotopic composition 
NH and SH MCF abundances



Prior run



Posterior (non-linear inversion)
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Flux Inversion — CH4 lifetime fixed
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With OH fitted (through MCF measurements)
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With OH fitted (through MCF measurements)
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With OH fitted (through MCF measurements)
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Is OH variation realistic?



Previous publications find a similar behavior

Montzka et al., Rigby et al., & McNorton et al. find similar OH anomalies



Holmes et al288 C. D. Holmes et al.: Future methane, hydroxyl, and their uncertainties

constant throughout the year. Biomass burning emissions are
specified for each year and month by the GFED inventory
(version 3, van der Werf et al., 2010). We use this instead
of the climatological biomass burning emissions provided in
the RCP inventory because fires are a major cause of year-
to-year variability in tropospheric OH (Duncan et al., 2003;
Manning et al., 2005; Dalsoren et al., 2006). Biogenic emis-
sions of isoprene, CO, and other VOCs are from a MEGAN
climatology for the 2000s decade (Guenther et al., 2006).
Anthropogenic, biogenic, and biomass burning emission data
are provided at 0.5� ⇥ 0.5� resolution. GEOS-Chem includes
additional oceanic emissions of acetone (13 Tg yr�1, Jacob et
al., 2002) and acetaldehyde (57 Tg yr�1, Millet et al., 2010),
which are not included in other models. All emissions except
aviation, biomass burning and lightning occur in the lowest
model layer and are quickly mixed vertically through bound-
ary layer convection and turbulence. Biomass burning is as-
sumed to occur at the surface in the UCI CTM and GEOS-
Chem. In Oslo CTM3, however, biomass burning emissions
follow the RETRO vertical distribution (Schultz et al., 2008),
which injects 35% of equatorial emissions and 45% of bo-
real emissions above the boundary layer. In a sensitivity test
we inject all biomass burning into the lowest model layer in
Oslo CTM3.
Lightning NOx emissions are calculated with similar

methods in all 3 CTMs, with UCI CTM and Oslo CTM3 us-
ing identical algorithms. In all models, these emissions are
derived from cloud-top heights in the underlying meteorol-
ogy (Price and Rind, 1994) and scaled to match satellite-
observed lightning flash rates (Christian et al., 2003). In the
UCI CTM and Oslo CTM3, 2 scale factors are calculated to
match observed multi-year mean flash rates over land and
ocean. In GEOS-Chem scale factors are calculated for ev-
ery grid column and month (Sauvage et al., 2007). Within
the convective column, lightning NOx is distributed verti-
cally based on NOx observations near thunderstorms (Ott
et al., 2010). Søvde et al. (2012) provide a full description
of lightning emissions in UCI CTM and Oslo CTM3, and
Murray et al. (2012) do the same for GEOS-Chem. Light-
ning NOx emissions average 6 Tg(N) yr�1 in GEOS-Chem
and 5Tg(N) yr�1 in UCI CTM and Oslo CTM3.

3 Recent (1997–2009) variability of CH4 lifetime

Figure 1 shows ⌧CH4⇥OH for 1997–2009, as simulated by
the 3 CTMs. The tropospheric OH lifetimes range from 8.5
to 10.1 yr. The longest of these lifetimes (GEOS-Chem) is
consistent with the constraint provided by methyl chloro-
form observations, 11.2± 1.3 yr (Prather et al., 2012), but all
are within the range of contemporary tropospheric chemistry
models (e.g. 9.7 ± 1.5 yr from ACCMIP, Naik et al., 2012).
These simulations show similar variability of ⌧CH4⇥OH in

all CTMs. Common features include a sharp dip in 1998
and peak in 2000, coincident with a strong El Niño and

1998 2000 2002 2004 2006 2008 2010

8.5

9.0

9.5

10.0
τ C

H
  ×

O
H, 

y
4 Oslo CTM3

UCI CTM

GEOS-Chem/GEOS-5
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Fig. 1. Methane lifetime due to oxidation by tropospheric OH
(⌧CH4⇥OH) simulated by each CTM (solid lines) and reconstructed
from the 5-parameter model (dashed lines). The parameters are air
temperature, water vapor, ozone column, lightning NOx emission,
and biomass burning emission. Parameter values for each CTM are
given in Table 2 and the corresponding variables are in Fig. 3.
R2 values show correlation between each CTM and its own 5-
parameter model. GEOS-Chem simulations use either MERRA or
GEOS-5 meteorology. All lifetimes are smoothed with a 12-month
running mean.

La Niña, smaller peaks in 2004 and 2008, and general de-
cline after 2005. These features appear robust against the
various choices of chemical mechanism, meteorology, and
resolution used in these CTMs. In independent work, the
ECHAM model also simulates the same features, using dif-
ferent chemistry and emissions that include biogenic vari-
ations (Montzka et al., 2011). Oslo CTM3 has the least
variability (0.65% for � /mean), while GEOS-Chem with
MERRA meteorology has the most (1.1%). The common
features, as well as differences in their magnitude, are ex-
plained below by a small number of processes (Sect. 3.3).

3.1 Methyl chloroform comparison

Two global measurement networks have recorded the growth
and decline of atmospheric methyl chloroform (MCF) since
the 1970s (ALE/GAGE/AGAGE, Prinn et al., 2005), with ex-
panded coverage since the 1990s (NOAA, Montzka et al.,
2000). Like methane, atmospheric MCF is oxidized mainly
by tropospheric OH, with small additional sinks in the strato-
sphere, oceans, and soil (Volk et al., 1997; Wennberg et
al., 2004; Wang et al., 2008). Because MCF has no natu-
ral sources and the anthropogenic production is well known
(McCulloch et al., 1999), MCF provides the best available
constraint on global OH levels and methane lifetime. The
analysis here uses observations since 1998, when anthro-
pogenic MCF emissions became small compared to atmo-
spheric oxidation of the residual atmospheric burden. Con-
sequently, MCF atmospheric lifetimes can be inferred from
observed decay rates without detailed accounting for emis-
sions and transport (Montzka et al., 2011).

Atmos. Chem. Phys., 13, 285–302, 2013 www.atmos-chem-phys.net/13/285/2013/



Mode times — Prather

Assume that V is a solution for a generic operator A, dV/dtZA[V ], then the
continuity equation for a perturbation dV can be derived as

ddV

dt
Z

d½V CdV "
dt

K
dV

dt
ZA½V CdV "KA½V "Z JV $dV CorderðdV 2Þ;

where the Jacobian matrix J of the operator A is the first term in the Taylor
expansion of A[VCdV] evaluated at V, i.e. the linearized system (e.g. Prather
1996, 2002; Manning 1999). The Jacobian matrix has dimension m!m, where m
is the number of variables. Species are inherently discrete, and adopting a
discrete spatial grid gives us a finite number of variables across (x, y, z, n). For
discussion of the continuum, see §8.

If the perturbation dV is an eigenvector of JV with eigenvalue l, then
ddV

dt
Z JV $dV Z ldV ;

and the exact solution is dV(t)ZdV(0) exp(lt). In general, there will be a set of m
linearly independent eigenvectors Ei, each with eigenvalue li (yr

K1). For stable
systems, all li must be less than or equal to zero. The inverse negative eigenvalue is
the mode time (TiZK1/li) determining the e-fold of the chemical mode.
The Ei(x, y, z, n) are dimensionless and represent a relative pattern of trace
species, both in space and across species. Any perturbation can be expressed
as a unique linear combination, dV ð0ÞZ

P
iZ1:maiEi with an exact solution

dV ðtÞZ
P

iZ1:maiEi expðlitÞ. In this case, the coefficients ai have abundance units
(kg) and each Ei has a scalar mass coefficient for each species (n), defined asmn

i that
sums over the eigenvector’s spatial distribution of (n). The totalmass of species (n) in
a perturbation can be represented by themass operatorMn½dV "Z

P
iZ1:maim

n
i (kg).

The recognition that any perturbation to atmospheric composition can be
expressed as a sum of chemical modes, each with a fixed decay term, has several
important applications (Prather 1994). First, the e-folding times Ti , rather than
the budget-derived lifetime TSS, are the true time scales of variability in the
system. Second, the asymptotic approach to a steady state becomes a single
exponential decay with the largest Ti. In practical terms, this recognition has
saved large amounts of computing time, since perturbations (e.g. adjustments to
a new steady state, or model response functions for inverting emission sources)
can be readily and accurately extrapolated. Third, a chemical mode, in general,
will couple across different species, and thus a perturbation to any species should
be expected to excite all modes and respond on the full range of time scales in the
system. Perturbation dynamics developed by Farrell & Ioannou (2000) has
extended this approach to determining which types of perturbations produce the
greatest impact on a chosen species at a chosen site.

3. Stratospheric ozone chemistry: the definition of ‘odd oxygen’

In the upper stratosphere, the Chapman (1930) mechanism, which includes only
atomic oxygen (O), ozone (O3) and molecular oxygen (O2), roughly describes the
abundance of ozone. Additional reactions involving others species (e.g. HO2, NO,
Cl) are needed to accurately match the observed profile and trends. When
solving the continuity equations for O and O3, researchers recognized that O3

perturbations behaved as an empirically defined ‘odd oxygen’ (OCO3) rather

1707Lifetimes in atmospheric chemistry

Phil. Trans. R. Soc. A (2007)



Coupled OH Chemistry — Prather
In response to Fisher’s problem, Prather (1994, 1996) developed a simple one-

box chemistry model that demonstrated how chemical feedbacks could alter the
time scale of CH4 perturbations. Manning (1999) updated this model and applied
it to carbon isotopes, but in this example, the original box model is retained.
Consider a simplified model of the CH4–CO–OH chemical system as having
three reactions

ðiÞ CH4 COH0/0CO R5 Z k 5½CH4$½OH$ k 5 Z 1:266!10K7 sK1 pptK1

ðiiÞ COCOH0/ R6 Z k 6½CO$½OH$ k 6 Z 5:08!10K6 sK1 pptK1

ðiiiÞ OHCX0/ R7 Z k 7½X$½OH$ k 7½X$Z 1:062 sK1;

and three constant source terms (parts per trillion (ppt)Zpicomoles per mole;
parts per billion (ppb)Znanomoles per mole):

SCH4
Z 177 ppb yrK1 SCO Z 240 ppb yrK1 SOH Z 1464 ppb yrK1 :

Reaction (5) has intermediate steps (not shown) that produce CO. The X in
reaction (7) is a class of species that are an important sink for OH. The
continuity equations are

d½CH4$
dt

Z SCH4
KR5

d½CO$
dt

ZSCO CR5KR6

d½OH$
dt

ZSOHKR5KR6KR7:

The rate coefficients and source terms are chosen to represent average
tropospheric conditions and give steady-state abundances typical of the current
atmosphere:

½CH4$Z 1704 ppb ½CO$Z 100 ppb ½OH$Z 0:026 ppt :

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

J Z

v
d½CH4$

dt

 !

v½CH4$

v
d½CH4$

dt

 !

v½CO$

v
d½CH4$

dt

 !

v½OH$

v
d½CO$
dt

 !

v½CH4$

v
d½CO$
dt

 !

v½CO$

v
d½CO$
dt

 !

v½OH$

v
d½OH$
dt

 !

v½CH4$

v
d½OH$
dt

 !

v½CO$

v
d½OH$
dt

 !

v½OH$
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Abstract. The self-cleaning or oxidation capacity of the at-
mosphere is principally controlled by hydroxyl (OH) radicals
in the troposphere. Hydroxyl has primary (P ) and secondary
(S) sources, the former mainly through the photodissocia-
tion of ozone, the latter through OH recycling in radical reac-
tion chains. We used the recent Mainz Organics Mechanism
(MOM) to advance volatile organic carbon (VOC) chemistry
in the general circulation model EMAC (ECHAM/MESSy
Atmospheric Chemistry) and show that S is larger than pre-
viously assumed. By including emissions of a large number
of primary VOC, and accounting for their complete break-
down and intermediate products, MOM is mass-conserving
and calculates substantially higher OH reactivity from VOC
oxidation compared to predecessor models. Whereas pre-
viously P and S were found to be of similar magnitude,
the present work indicates that S may be twice as large,
mostly due to OH recycling in the free troposphere. Fur-
ther, we find that nighttime OH formation may be signifi-
cant in the polluted subtropical boundary layer in summer.
With a mean OH recycling probability of about 67 %, global
OH is buffered and not sensitive to perturbations by natu-
ral or anthropogenic emission changes. Complementary pri-
mary and secondary OH formation mechanisms in pristine
and polluted environments in the continental and marine tro-
posphere, connected through long-range transport of O3, can
maintain stable global OH levels.

1 Introduction

The removal of most natural and anthropogenic gases from
the atmosphere – important for air quality, the ozone layer
and climate – takes place through their oxidation by hydroxyl
(OH) radicals in the troposphere. The central role of tropo-
spheric OH in the atmospheric oxidation capacity (or effi-

ciency) has been recognized since the early 1970s (Levy II,
1971; Crutzen, 1973; Logan et al., 1981, Ehhalt et al., 1991).
The primary OH formation rate (P ) depends on the photodis-
sociation of ozone (O3) by ultraviolet (UV) sunlight – with
a wavelength of the photon (hv) shorter than 330 nm – in the
presence of water vapor:

O3 + hv (� < 330 nm) ! O(

1D) + O2, (R1)

O(

1D) + H2O ! 2OH. (R2)

(Note that the formal notation of hydroxyl is HO·, indicat-
ing one unpaired electron on the oxygen atom. For brevity we
omit the dot and use the notation OH, and similarly for other
radicals.) Since the stratospheric ozone layer in the tropics
is relatively thin, UV radiation is less strongly attenuated
compared to the extratropics; additionally, because the so-
lar zenith angle and water vapor concentrations are relatively
high, zonal OH is highest at low latitudes in the lower to
middle troposphere (Crutzen and Zimmermann, 1991; Spi-
vakovsky et al., 2000).

The OH radicals attack reduced and partly oxidized gases
such as methane (CH4), non-methane volatile organic com-
pounds (VOCs) and carbon monoxide (CO), so that these
gases only occur in trace amounts, e.g.,

CO + OH ! CO2 + H, (R3)
H + O2(+M) ! HO2(+M), (R4)

where M is an air molecule that removes excess energy
from reaction intermediates by collisional dissipation. Be-
cause OH is highly reactive, it has an average tropospheric
lifetime of about 1–2 s. After the initial OH reaction (Reac-
tion R3) peroxy radicals are produced (Reaction R4), which
can combine to form peroxides:

HO2 + HO2 ! H2O2 + O2, (R5)

Published by Copernicus Publications on behalf of the European Geosciences Union.



Prather

and at steady state has the value (all units are yrK1)

J Z

K0:104 0 K6:81!106

C0:104 K4:17 K9:23!106

K0:104 K4:17 K56:4!106:

The diagonal elements are the negative inverse of the traditionally defined
lifetimes

9:6 yrðCH4Þ 0:240 yrðCOÞ 0:56 sðOHÞ :
The three inverse negative eigenvalues (mode times) of J differ from these
lifetimes owing to the chemical coupling (i.e. the off-diagonal terms)

13:6 yr 0:285 yr 0:56 yr :

The corresponding eigenvectors are shown in figure 1. Given the relative
species abundances in each mode and the mode time of each, one can easily
identify the first as the CH4-like chemical mode but with a time scale 40% longer
than the CH4 lifetime, the second as the CO-like chemical mode with a 20%
longer time scale and the third as the OH-dominated mode with a time scale
equal to the OH lifetime. In this case, chemical coupling (i.e. off-diagonal terms
in J ) has shifted the smallest two eigenvalues, but left the time scale of the most
rapid process unchanged.

A 1 ppb perturbation to CH4 alone can be decomposed into modes using the
inverse of the eigenvector matrix. It is composed of 0.995 ppb in the first mode,
0.005 ppb in the second and less than 0.001 ppb in the extremely short-lived third
mode. The analytical solution is then

d½CH4$ðtÞzC0:995 eKt=13:6 C0:005 eKt=0:285 ppb;

d [CH4]

(a) (b) (c)

d [CO]

d [OH]

0 0
change in abundance (ppb)

110 1

Figure 1. Three eigenvectors of the CH4–CO–OH system (see text) are labelled with their mode
times. For each vector, the bars indicate the perturbation in absolute abundance (e.g. ppb). Each
mode is scaled to have the maximum perturbation as C1 ppb. The amplitude of the OH
perturbation for the first two modes is less than 10K7 and does not show. (a) No. 1, 13.6 years,
(b) no. 2, 0.285 years and (c) no. 3, 0.56 s.
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Figure 1. (a) Concentration of CH 4 (ppb) as a function of 
source S(CH4) (ppb/yr). Models are labeled by increasing 
levels of chemical feedback (R, see text). All models are 
constrained by today's concentration and lifetime (circle). 
Pre-industrial level is shown by the dashed line. For S > 
270 ppb/yr, the R--2.7 case has no steady-state solution. 
(b) Time scale of primary mode as a function of CH 4 
concentration, labeled by R. This time scale increases more 
rapidly with CH 4 than does its lifetime (not shown). 

tunities for studying coupled perturbations in atmospheric 
chemistry and presents new methods of diagnosing the 
increasingly complex 3-D chemical transport models, 

(1) Natural modes are a mathematically rigorous, funda- 
mental property of the chemical-transport system (i.e., 
current atmosphere) and do not depend on the perturbation. 
(2) Exponential decay of each natural mode with its own 
time scale is an exact solution in the linear limit. (3) A 
steady-state pattern and lifetime can be derived from the 
modes. (4) The integral of a pulsed source is identical to the 
corresponding steady-State's lifetime multiplied by its 
concentration. (5) True time scales in atmospheric chemistry 
(the e-fold times for the modes) are often different from the 
turn-over or lifetimes. (6) A unique mix of modes (effects) 
is excited by perturbations to a single species (Cause). 

Short-lived gases like CO have can affect indirectly the 
trends of Other gases like CH 4 and tropospheric 0 3 (e.g., 
Thompson and CicerOne, 1986). These "indirect" perturba- 
tions are shown here to have the same pattern and time scale 
as those caused by direct addition of the long-lived species. 
Although extremely difficult to evaluate with confidence, the 
emissions of very short-lived gases (e.g., CO, NO, C2H6) 
should be treated as having a long-term environmental 
impact and given an ODP (ozone depletion potential) or 

GWP in proportion to the amplitude of the induced long- 
lived natural modes. Individual perturbations couple across 
all modes of tropospheric and stratospheric chemistry. We 
can expect emissions of a short-lived gas such as CO 
(months) to lead to a long-lived perturbation in CH 4 (decade) 
as shown here and perhaps even a longer-lived perturbation 
in N20 (century). Extension of this method to examples 
with transport (CH3Br in the stratosphere, troposphere and 
ocean) and uv radiative coupling (N20, NOy, and O 3 in the 
stratosphere) is presented in a following paper. 
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OH reactivity in s-1

Figure 5. Annual mean OH reactivity near the Earth’s surface in s�1.

We calculate that at the tropopause and the poles ⌧CH4 is
longest, about a century. The mean ⌧CH4 in the extratropics
is 13.8 years, and in the inner tropics 6.1 years. The mean
⌧CH4 in the BL is 4.9, and in the FT 9.1 years. The effective
range in the mean OH concentration and ⌧CH4 between the
high- and the low-latitude troposphere is about a factor of
10, which is close to the OH and HO2 range between the
summer and winter at high latitudes. This is much smaller
than the low-to-high-latitude gradients and the seasonal cycle
of primary OH formation, indicative of the important role of
secondary formation (Sect. 6). The NH / SH ratio of ⌧CH4 is
0.77. Similar differences and latitude contrasts are found for
the lifetime of tropospheric CO (⌧CO) due to reaction with
OH. ⌧CO is on average about 38 days in the tropics, 65 days
in the NH extratropics and 86 days in the SH extratropics,
and the NH / SH ratio of ⌧CO is 0.87.

6 Radical budget and recycling probability

Figure 6 presents a summary of global annual mean HO
x

production terms in the troposphere, also listed in Table 1,
which gives an overview of sources and sinks. Primary OH
formation by Reactions (R1) and (R2) (P , purple) amounts
to 84 Tmol yr�1, of which about 85 % takes place in the
FT. We find that gross OH formation (G) and HO2 pro-
duction in the FT also account for about 85 % of the tro-
pospheric total. Secondary OH formation (S) in the tropo-
sphere adds up to 167 Tmol yr�1, i.e., 67 % of G, the latter
being 251 Tmol yr�1. S is subdivided into contributions by
the NO

x

mechanism (Reaction R7, blue); the O
x

mechanism
(Reactions R11 and R12; green and yellow, respectively);
and the OH recycling in VOC chemistry, the OVOC mecha-
nism (red). The result that r > 60 % indicates that global OH
is buffered, i.e., not sensitive to chemical perturbations. Fig-
ure 6 illustrates that the fractional contributions by the differ-
ent production terms in the FT equal those in the troposphere
as a whole. It is not surprising that the FT is the dominant
reservoir in atmospheric oxidation as it contains 6–7 times
more mass than the BL, though it shows that OH formation

Table 1. Global, annual mean tropospheric source and sink fluxes
of OH (Tmol yr�1). Sources and sinks are also specified for the
boundary layer and free troposphere.

Sources/sinks BL FT Troposphere

O(1D)+H2O 12.5 71.5 84.0 (33 %)
NO+HO2 10.4 66.2 76.6 (30 %)
O3+HO2 3.5 30.9 34.4 (14 %)
H2O2 + hv 2.3 22.5 24.8 (10 %)
OVOCs, ROOH+hv 6.6 24.8 31.4 (13 %)

Total OH sources 35.3 215.9 251.2

OH+HO1
y

4.8 41.4 46.2 (18 %)
OH+NO2

y

0.8 3.3 4.1 (1.5 %)
OH+CH4 4.1 25.7 29.8 (12 %)
OH+CO 9.6 88.2 97.8 (39 %)
OH+other C1VOC3 5.7 31.3 37.0 (15 %)
OH+C2+VOC4 10.3 24.4 34.7 (14 %)
Rest 0.4 1.2 1.6 (0.5 %)

Total OH sinks 35.7 215.5 251.2

1 H2, O3, H2O2, radical–radical reactions. 2 NO, NO2, HNO2, HNO3,
HNO4, ammonia, N-reaction products. 3 VOC with one C atom (excl.
CH4), incl. CH3OH, C1-reaction products. 4 VOC with � 2 C atoms,
C2+-reaction products.

is rather evenly distributed between different environments
within the troposphere, in spite of differences in precursors
species and pollution levels.

On a global scale, the relative magnitudes of different
OH production terms in the BL and FT are similar (Fig. 6),
though the OVOC mechanism (red) is somewhat larger and
the O

x

mechanism (green and yellow) somewhat smaller
than in the FT. The contribution by the NO

x

mechanism, i.e.,
Reaction (R7) (NO + HO2, blue), is marginally smaller in the
BL (30 %) than the FT (31 %), in spite of large areas in the
BL being more directly influenced by anthropogenic NO

x

emissions. As explained above, the contribution of NO
x

to
OH recycling can be locally self-limiting, e.g., in the strongly
polluted BL, while some NO

x

– partly as reservoir gases

Atmos. Chem. Phys., 16, 12477–12493, 2016 www.atmos-chem-phys.net/16/12477/2016/
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Unit: 10   molecules cm 2–-  OH5 3

  

-

Figure 1. Global OH in 105 molecules cm�3. Left: tropospheric, annual mean. Right: zonal annual mean up to 10 hPa. The lower solid
line indicates the average boundary layer height, the upper dashed line the mean tropopause and the solid lines the annual minimum and
maximum tropopause height.

O3-depleting substances that could be transported from the
troposphere, at least to the extent that they react with OH.

In the global troposphere, annual column average OH
ranges from 1.0 ⇥ 105 to 22.0 ⇥ 105 molecules cm�3, i.e.,
between high and low latitudes, respectively (Fig. 1). This
range is determined by the meridional OH gradient in the FT,
since about 85 % of tropospheric OH formation takes place in
the FT, which thus dominates the global OH distribution (de-
tailed below). In the BL the range is much larger, 0.3 ⇥ 105 to
44.0 ⇥ 105 molecules cm�3, as OH is more strongly affected
by variable surface emissions. The subordinate role of the BL
in the global OH load and distribution is conspicuous, for ex-
ample from the OH maximum in the BL over the Middle East
and OH minima over the central African and Amazon forests
(Fig. S1 of the Supplement), which do not appear in the tro-
pospheric column average OH concentrations, as the latter
follow the OH distribution in the FT (Fig. 1).

In the BL over tropical forests OH concentrations are com-
paratively low, about 10 ⇥ 105 to 20 ⇥ 105 molecules cm�3,
in agreement with OH measurements in South America and
southeastern Asia (Kubistin et al., 2010; Pugh et al., 2010;
Whalley et al., 2011), while in the FT in these regions OH
concentrations are several times higher. The relatively high
OH in the tropical FT is related to the combination of emis-
sions from vegetation with NO

x

from lightning in deep thun-
derstorm clouds. This is most prominent over central Africa,
where deep convection and lightning are relatively intense
(Fig. 1, left panel). The latter was corroborated by comparing
our model with lightning observations (Tost et al., 2007b).
The chemical mechanisms that control OH in the BL and FT
are connected through vertical transport and mixing, which
balance formation and loss in the column; i.e., near the sur-
face VOCs are a net sink of OH, while their reaction products
are a net OH source aloft.

In the NH extratropics mean OH in the MBL approxi-
mately equals that in the CBL, i.e., in the zonal direction.
As shown previously, this is related to the transport and mix-

ing of oxidants (primarily O3) and precursor gases (e.g.,
NO

x

and partially oxidized volatile organic compounds)
from polluted regions across the Atlantic and Pacific oceans
(Lelieveld et al., 2002). In the SH, on the other hand, where
anthropogenic NO

x

sources and related transports are much
weaker, mean OH in the CBL is about 15 % higher compared
to the MBL. In the extratropical troposphere as a whole,
OH gradients in the longitudinal direction are typically small
(Fig. 1), related to relatively rapid exchanges by zonal winds
in transient synoptic weather systems.

While primary OH formation (Reactions R1, R2) during
daytime is controlled by photodissociation of O3, there are
additional sources that can be relevant at night. This includes
reactions of O3 with unsaturated hydrocarbons and aromatic
compounds in polluted air and with terpenes emitted by veg-
etation. Figure 2 shows nighttime OH in the boundary layer
during January and July to illustrate the strong seasonal de-
pendency. While the color coding is the same as Fig. 1, the
concentrations are scaled by a factor of 20. On a global scale,
OH concentrations in the BL at night are nearly 2 orders
of magnitude lower than during the day, and in the FT diel
differences are even larger. Therefore, nighttime OH does
not significantly influence the atmospheric oxidation capac-
ity and the lifetimes of CH4 and CO. Nevertheless, Fig. 2
shows several hot spots, mostly in the subtropical BL in
the NH during summer, where nighttime OH can exceed
105 molecules cm�3 and could contribute to chemical pro-
cesses, such as new particle formation. These regions include
the western USA, the Mediterranean and Middle East, the
Indo-Gangetic Plain and eastern China.

4 Global HO
x

distribution

Since conversions between HO2 and OH play a key role in
OH recycling, we address the budget of HO

x

(OH + HO2),
which is dominated by HO2. Field and laboratory measure-
ments often address both OH and HO2. Figure 3 shows

www.atmos-chem-phys.net/16/12477/2016/ Atmos. Chem. Phys., 16, 12477–12493, 2016
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Figure 11. Zonal annual mean OH concentrations calculated in the
reference simulation (black) and by successively excluding OH re-
cycling through the NO

x

, O
x

and OVOC mechanisms.

istic description of emissions and complex VOC chemistry in
MOM compared to previous models substantially increases
OH reactivity, bringing it close to measurements (Nölscher et
al., 2016). We also find that in the polluted CBL, notably in
the subtropical NH during summer, nighttime VOC chem-
istry, initiated by reaction with O3, can produce OH con-
centrations in excess of 105 molecules cm�3, which may be
relevant for particle nucleation, for example. Nevertheless,
nighttime OH does not contribute significantly to the global
atmospheric oxidation capacity (e.g., ⌧CH4 and ⌧CO).

Global mean OH concentrations in the BL equal
those in the FT and thus the troposphere as a whole
(11.3 ⇥ 105 molecules cm�3

). Tropospheric column average
OH concentrations are highest in the tropics, especially over
the Amazon, central Africa and southeastern Asia. Concen-
trations of HO

x

(OH + HO2) are highest in the CBL over
the Amazon, central Africa and southeastern Asia, and some
smaller regions over northern Australia, the USA north of the
Mexican Gulf and near the Persian Gulf. The latter is related
to emissions from the petroleum industry in photochemically
polluted air.

While measurement campaigns often focus on the BL, the
global distribution and variability of OH and HO

x

are dom-
inated by the FT. Long-distance transport processes and OH
recycling are most efficient in the FT, whereas BL chemistry
is more sensitive to local impacts of reactive carbon emis-
sions. Chemical processes during transport in the FT play an
important role in global OH buffering through oxidant trans-
port, notably of ozone. The FT connects with the BL through
convective mixing by clouds (latent heating) and entrainment
by the diurnal evolution of the BL (sensible heating). The
latter is more effective in the continental than in the marine
environment.

While HO
x

concentrations can diverge strongly over the
globe, especially in the BL and between seasons, annual av-
erages in the troposphere vary little, e.g., between the tropics
and extratropics and between hemispheres. Tropospheric OH
is buffered through complementary primary and secondary

formation mechanisms throughout seasons, latitudes and al-
titudes. Globally, secondary OH formation exceeds primary
formation – through Reactions (R1) and (R2) – by about a
factor of 2, leading to an OH recycling probability of 67 %;
hence global OH is not sensitive to perturbations by natu-
ral or anthropogenic emission changes. We find that primary
OH formation is tightly related to solar UV radiation inten-
sity, whereas this is much less the case for secondary OH
formation. There are three principal pathways of secondary
OH formation: the NO

x

, O
x

and OVOC mechanisms.
The NO

x

mechanism predominates in anthropogenically
influenced environments, causing photochemical smog with
high ozone concentrations, and outcompetes the OVOC
mechanism concomitant with VOC emissions from vegeta-
tion. The NO

x

mechanism contributes greatly to global OH
and O3. When we switch it off in the model, global OH de-
clines by 76 % and ⌧CH4 increases by a factor of 2.5. In re-
gions where NO

x

is low the photochemistry of natural VOCs,
through the breakdown of OVOC and their reaction products,
can govern radical recycling and maintain the atmospheric
oxidation capacity associated with undisturbed atmosphere–
biosphere interactions. While the OVOC mechanism is im-
portant for OH production over forests, excluding it reduces
global OH by 14 %. In regions where both NO

x

and VOC
concentrations are low, e.g., in the remote marine environ-
ment and at high latitudes, OH recycling strongly depends
on the O

x

mechanism. When we switch it off, global mean
OH drops by 48 %.

Recycling mechanisms of OH are important near emission
sources of NO

x

and VOCs in regions of active photochem-
istry in the BL, but especially in remote areas and the FT
where photochemistry is less active. On large scales ozone is
a key buffer of OH. To a lesser degree NO

x

reservoir species
(e.g., organic nitrates) also play a role. On smaller scales,
H2O2 and OVOCs that release OH upon further reaction
and photodissociation (e.g., organic peroxides and carbonyls)
are important. These short-lived reservoir species govern OH
sources and sinks within the column. Ozone, with a lifetime
of several weeks in the FT, is central to the atmospheric ox-
idation capacity through long-distance transport, either from
the stratosphere or from photochemically polluted regions,
through primary OH formation and OH recycling in natural
and anthropogenically influenced atmospheres.

8 Data availability

Model-calculated global datasets of OH concentrations,
other trace gases, and controlling parameters are available
upon request. The full VOC oxidation mechanism is given in
the Supplement.

The Supplement related to this article is available online
at doi:10.5194/acp-16-12477-2016-supplement.

www.atmos-chem-phys.net/16/12477/2016/ Atmos. Chem. Phys., 16, 12477–12493, 2016
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Table 2. Sensitivity of ⌧CH4⇥OH to climate variables and emissions
a.

Variable b UCI CTM Oslo CTM3 GEOS-Chem Literature c Adopted d

Chemistry-climate interactions

Air temperature e �3.9 �2.8 �2.2 �3.0 ± 0.8
Water vapor e �0.32 �0.29 �0.34 �0.32 ± 0.03
Ozone column, 40� S–40� N +0.66 +0.43f +0.61 +0.28� 0.76g [1] +0.55 ± 0.11

+0.28h [2]
+0.27g [3]

Lightning NOx emissions �0.14 �0.11 �0.24 -0.08–0.16 [4] �0.16 ± 0.06
Biomass burning emissions i +0.021 +0.013 +0.017 +0.020 ± 0.015

+0.003j
CH4 abundance k +0.363 +0.307 +0.274 +0.32 [5] +0.31 ± 0.04

+0.28 ± 0.03 [6] (f = 1.34 ± 0.06)l
Convective mass flux �0.036 N
Optical depth, ice clouds +0.013 N
Optical depth, water clouds �0.025 +0.024 [2] N

�0.075 [3]

Anthropogenic emissions

Land NOxm �0.15 �0.10 �0.16 �0.137 [5] �0.14 ± 0.03
�0.121±0.055 [7]

Ship NOx �0.045 �0.048 �0.017 �0.0412 ± 0.01 [8] �0.03 ± 0.015
�0.0374 ± 0.005 [9]
�0.047 [10]

Aviation NOx �0.014 ± 0.003 [11] �0.014 ± 0.003
CO +0.066 +0.050 +0.065 +0.11 [5] +0.06 ± 0.02

+0.074 ± 0.004 [7]
VOC +0.047 [5] +0.04 ± 0.01

+0.033 ± 0.01 [7]

a Sensitivities are reported as d ln(⌧CH4⇥OH)/d ln(F ) for each variable F , based on perturbation tests described in Sect. 3.2.
b Italic variables are major causes of interannual ⌧CH4⇥OH changes (based on sensitivity and interannual changes in the variable) that are included the 1997–2009
reconstruction of CTM ⌧CH4⇥OH in Sect. 3.3. Bold variables can drive decadal trends and are included in 1980–2100 prediction of ⌧CH4⇥OH in Sects. 4 and 5.c [1] Karlsdottir and Isaksen (2000), [2] Krol and van Weele (1997), [3] Voulgarakis et al. (2009), [4] Labrador et al. (2004),[5] Prather et al. (2001), [6] Fiore et
al. (2009), [7] Fry et al. (2012), [8] Hoor et al. (2009), [9] Myhre et al. (2011), [10] Dalsoren et al. (2010), [11] Holmes et al. (2011)
d Adopted values are the mean of CTMs, except for VOC, and aviation NOx, which come from literature. Uncertainties are 1-� values based on CTM spread and
expert assessment of literature. Terms marked N have negligible impact on interannual ⌧CH4⇥OH variability and are not used in the parametric model.e Tropospheric perturbation only.
f In Oslo CTM3 stratospheric chemistry and stratosphere-troposphere exchange respond to the perturbation, whereas UCI CTM and GEOS-Chem responses are due
solely to tropospheric photolysis rates. Oslo CTM3 results are rescaled to the same ozone column change as the other models.
g Response to global ozone column perturbation.
h Response to extra-tropical ozone column perturbation (poleward of 30�).
i Sensitivities assume fire emissions are contained in the boundary layer, except where noted for Oslo CTM3. The UCI CTM value is the emission-weighted average
sensitivity for 1997–2009 (Fig. 4). Values for other models are calculated from 3-yr perturbation tests and scaled to 1997–2009 means, assuming the same
interannual variability as the UCI CTM. Adopted uncertainty accounts for uncertainty in emission altitude and year-to-year variability.
j Calculated with the RETRO altitude distribution, which injects 35% of equatorial (45% of boreal) biomass burning emissions above 2 km. Net sensitivity is lower
because NO is longer lived at high altitudes and more effectively cancels the CO sink for OH.
kSensitivity to CH4 abundance calculated from perturbations applied over 1997–2009 in UCI CTM and Oslo CTM3 and 2004–2009 in GEOS-Chem.
l f is the methane feedback factor, defined as the ratio of methane perturbation lifetime to total budget lifetime (Prather et al., 2001). We calculate f using recent
estimates of all methane sinks, Prather et al. (2012). Using IPCC TAR lifetimes increases f by 0.03.
m All anthropogenic NOx emission occurring on land, including combustion, agriculture, and waste.

defined as

↵ = d ln(⌧CH4⇥OH)/d ln(F ). (2)

As such, ↵ can be interpreted as the percent change in
⌧CH4⇥OH resulting from a 1% increase in F .
Table 2 reports sensitivities for the evaluated climate and

emission variables. These variables include most of those
identified in the literature as important influences on tropo-
spheric OH and ⌧CH4⇥OH variability: temperature, water va-
por, stratospheric ozone column, convective fluxes, cloud op-
tical depth, biomass burning emissions, and anthropogenic
emissions. Perturbation magnitudes are chosen to be similar
to the interannual variability or decadal trend of each vari-
able (exact magnitudes in Table S2). Perturbations are ap-
plied globally, except for stratospheric ozone, which is only

perturbed over 40� S–40� N, where tropospheric OH produc-
tion from UV photolysis of tropospheric O3 occurs. The con-
sequences of averaging region choice are discussed further
in Sect. 3.3. Temperature and water vapor perturbations are
restricted to the troposphere in Oslo CTM3, which includes
full stratospheric chemistry, to avoid confounding changes in
stratospheric ozone columns.
Only variables with large sensitivity, large interannual

changes, or both can explain the year-to-year ⌧CH4⇥OH vari-
ations identified in Fig. 1. Figure 3 shows the interannual
changes of 5 key variables for 1997–2009. Water vapor,
having about 3% variation and ⌧CH4⇥OH sensitivity near
�0.3, could account for about 1% interannual variability
in ⌧CH4⇥OH. Temperature, ozone column, lightning NOx,
and biomass burning also have sufficient sensitivity and
variability to account for about 1% variation in ⌧CH4⇥OH.

Atmos. Chem. Phys., 13, 285–302, 2013 www.atmos-chem-phys.net/13/285/2013/
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Figure 7. (a) Monthly mean percent anomalies in global mean OH that inferred from methyl chloroform
from Montzka et al. [2011] (black line) and simulated by GEOS-Chem with lightning IAV from LIS
(red) and for the base simulation (blue). The simulation is the tropospheric average weighted by air mass
and the temperature-dependent rate constant for the oxidation of MCF by OH [Prather and Spivakovsky,
1990] and has a 12 month smoothing applied to be consistent with the finite differencing of the flask
technique (cf. Appendix). (b) Monthly percent anomalies in tropospheric OH concentration weighted
by air mass from GEOS-Chem simulations using lightning IAV from LIS (red). Also shown are those
from sensitivity simulations containing no biomass burning emissions (orange), fossil fuel combustion
(purple), or lightning (green).

tion, as confirmed by the model study of Nassar et al. [2009].
In central Brazil, the model captures the observed season-
ality, but less than a quarter of the variance in the monthly
anomalies (Figure 6d). Most of the improvement by impos-
ing IAV from LIS results from increasing the variability at
the end of the dry season, from October to December; there
is no correlation between the model and the observed TCO
in the wet season, January–April (R2 = 0.04).

[25] Figure 6 shows that observed TCO was anomalously
low in all regions in 2001, as seen also in the Hovmöller
plot for the tropics in Figure 5, but the simulations do not
show this behavior. This year is neutral in terms of ENSO,
and the causes of the 2001 anomaly are unclear. We find no
evidence of such an anomaly in ozonesonde profiles from the
Southern Hemisphere ADditional OZonesondes (SHADOZ)
network [Thompson et al., 2003] (not shown).

5. IAV in Global OH and the Role of Lightning
[26] Montzka et al. [2011] inferred IAV in global mean

OH from analysis of surface measurements of MCF; their
time series of OH percent anomalies is reproduced in
Figure 7a (black line). The figure also shows mean OH
weighted by the loss frequency of MCF, [OH]MCF, calculated
from the model simulations in a manner consistent with the
approach of Montzka et al. [2011] (see Appendix).

[27] The simulation with IAV in lightning imposed from
LIS (red line) better matches the time evolution of the
[OH]MCF anomalies than does the base case (blue line), with
R2 increasing to 0.21 from 0.03. We are most interested in
reproducing the temporal variability rather than the absolute
anomalies in a given year, as the MCF anomalies are calcu-
lated from a slightly longer reference period (see Appendix).
The [OH]MCF inferred from observations increases from 1998
to 2001 by !4% and then decreases until 2003, behavior
found also in the simulation with IAV from LIS but not in
the base case. Thereafter, the simulated and MCF-inferred

[OH]MCF time series diverge. The simulation shows an
increasing trend in [OH]MCF from 1998 to 2006, but the
[OH]MCF derived from the observations shows a decrease
from 2004 to 2006. Imposing IAV from LIS reduces the
model increase from 2004 to 2006, but it is insufficient to
reverse the trend to match [OH]MCF inferred from MCF. Our
base simulation has a similar time evolution of the [OH]MCF

anomalies to the hindcast for 1998–2007 shown by Montzka
et al. [2011] using a different CTM [Sander et al., 2005;
Jöckel et al., 2006] and to hindcasts shown by Holmes
et al. [2013] for three CTMs, including GEOS-Chem driven
by meteorological fields from GEOS-5 and the Modern
Era Retrospective analysis for Research and Applications
(MERRA). None of these simulations constrained IAV in
lightning with LIS data.

[28] Figure 7b shows that lightning has a much stronger
influence than surface emissions on mean OH; here we
show mass-weighted OH, [OH]mass, without smoothing (see
Appendix). Omitting biomass burning emissions slightly
reduces IAV in [OH]mass (mostly in 1998), while omitting fos-
sil fuel emissions slightly increases the [OH]mass trend. Most
residual variability in the simulation with no lightning likely
results from IAV in other factors such as water vapor, over-
head ozone column, etc. [Holmes et al., 2013; Duncan and
Logan, 2008; Dentener et al., 2003].

[29] We analyzed the main chemical factors driving IAV
in [OH]mass in 1998–2006 in the model. Figure 8a shows the
IAV in production rates of OH and in its loss frequencies
(i.e., kOH+X[X]). The anomaly in [OH]mass (the black line) is
determined by the competition between those from produc-
tion (shown by cool colors) and those from loss (shown by
warm colors). The reaction contributing the most to IAV in
production is O(1D) + H2O, the primary source of HOx, fol-
lowed by the recycling reaction HO2 + NO. Reaction of OH
with CO contributes the most to IAV in loss.

[30] Anomalies in both production and loss are largest
in 1998, following the end of a major El Niño event,
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Figure 8. (a) Interannual variability in OH contributed from chemical sources and sinks in the sim-
ulation with lightning IAV imposed from LIS. Values are monthly anomalies in mass-weighted mean
tropospheric OH resulting from production rates and loss frequencies. The net anomaly (i.e., the anomaly
in OH concentrations) is shown as the black line and is the same as the red line in Figure 7b. (b) The
difference between the standard simulation in Figure 8a and the base simulation in which any IAV in
lightning is only from GEOS convection (black line), and its components.

when there was enhanced loss because of the high fire
emissions of CO and other species, and also enhanced
water vapor; the net [OH]mass anomaly was negative. Dur-
ing the La Niña of 1999–2000, the coincidence of rela-
tively low tropospheric ozone (Figure 6) and water vapor
and of relatively high overhead ozone columns led to
low primary production of HOx and thus negative [OH]mass

anomalies. Increasing lightning NOx emissions and tropo-
spheric water vapor slowly increased production by 2001.
In 2005–2006, anomalously low CO emissions (except at
the end of 2006 from Indonesian fires) and high primary
production from increased photolysis rates due to rela-
tively low overhead ozone columns drive an increase in
[OH]mass in the model. The inability of the model to cap-
ture the observed decrease in [OH]mass from 2005 to 2006
may reflect the impact of midsize volcanic eruptions during
that period [Brühl et al., 2013]; stratospheric aerosols are
not represented in the model, aside from any influence cap-
tured implicitly by prescribing ozone columns from satellite
observations.

[31] Figure 8b demonstrates how the timing of lightning
emissions alters [OH]mass by modulating both production and
loss pathways. The difference in [OH]mass anomalies between
the IAV from LIS simulation and the base simulation follows
the difference in lightning NO emissions (Figure 1a). Rela-
tive changes in NO alone between the two simulations would
produce changes in the [OH]mass anomalies via HO2 + NO.
However, additional NOx increases ozone, which produces
additional OH from primary production (O(1D) + H2O) and
from recycling by the reaction of HO2 with ozone and with
NO itself. The NOx-driven increases in OH also provide a
positive feedback on loss frequencies by suppressing CO
and other reactants. Changes in lightning have greater poten-
tial than those in biomass burning or fossil fuel emissions
for driving IAV in [OH]mass because the feedback is much
more efficient in low-NOx environments found in much of
the tropics and also because the surface sources coemit
CO and hydrocarbons that would counteract aspects of the

reinforcement. Thus, perturbations in lightning NO impart
a relatively large signal on OH anomalies via reinforcing
changes in both production and loss pathways (Figure 8b)
that otherwise tend to vary independently with one another
because of external factors such as water vapor, column
ozone, etc. (Figure 8a).

[32] Table 2 summarizes how our simulated [OH]mass

anomalies covary with anomalies in the various parameters
that affect OH. A causal parameter will influence variabil-
ity if OH has high sensitivity to it (second column) and/or
if it has high variability itself (third column) [Holmes et al.,
2013]. We estimate sensitivity, i.e., the percent response in
[OH]mass to a percent change in a single parameter, with a
simple regression of that relationship. These are not true sen-
sitivities calculated with perturbation analyses as in the work
of Spivakovsky et al. [2000] and Holmes et al. [2013], but
may be used for a qualitative comparison. As expected from
these studies, [OH]mass anomalies in our simulation respond
most sensitively to changes in the ozone column, partic-
ularly with those in the tropics [e.g., Duncan and Logan,
2008]. However, we find relatively small variability in col-
umn ozone in our period of analysis (prescribed in the model
from satellite observations, cf. section 2), and [OH]mass is
more strongly correlated with tropospheric ozone and CO,
both of which have lower sensitivity but higher variability.
In contrast, earlier multiyear simulations found OH to vary
most strongly with the ozone column [Bekki et al., 1994;
Duncan and Logan, 2008], or that the latter was the sec-
ond most important factor after water vapor [Dentener et
al., 2003]. The variability induced in [OH]mass by that in the
ozone column depends on the period of analysis, and is less
for 1998–2006 than for prior studies of 1979–1993 [Bekki
et al., 1994; Dentener et al., 2003] and 1988–1997 [Duncan
and Logan, 2008] simply because the observed variability
of the ozone column in the tropics (where OH is highest) is
less [WMO, 2011]. Observed annual means in total column
ozone from 20ıS–20ıN vary by ! = 2.0, 2.9, and 3.0 DU in
each respective period.
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Table 2. Sensitivity of Simulated IAV in OH to Different Reaction Pathways, Climate Variables,
and Emissions

Slope of dOH/dPb ! in Monthly Anomalies
Parameter, P R With OH Anomaliesa (%/%) of Pc (%)

OH anomalies 1.00 +1.00 3.01
Production anomalies 0.32 +0.97+0.17

–0.15 3.11
Primary production 0.61 +1.06+0.14

–0.13 2.85
Water vapor 0.14 +2.89+0.58

–5.85 1.04
Stratospheric ozone –0.38 –4.19+0.60

–0.71 0.72
Tropospheric ozone 0.54 +1.73+0.26

–0.71 2.92
HOx recycling 0.47 +0.93+0.14

–0.12 3.25
Loss anomalies –0.55 –0.83+0.17

–0.22 3.64
kCH4+OH(T)[CH4] –0.63 –3.67+0.53

–0.65 0.82
kCO+OH(T)[CO] –0.56 –0.52+0.10

–0.12 5.81
Global emission rates

Lightning 0.63 +0.18+0.03
–0.04 16.4

Biomass burningd –0.32 –0.10+0.02
–0.03 29.5

aPearson correlation coefficient, R, between time series of OH percent anomalies and the forcers.
bSlope of reduced major axis (RMA) regression between monthly percent anomalies in OH and the forcers.

Range gives 95% confidence intervals calculated from a bootstrap ensemble with 103 members.
cStandard deviation of monthly percent anomalies in tropospheric mean climate variables, reaction rates, and

emissions. All values calculated from the simulation using IAV in lightning from LIS.
dStatistics for fire emissions are calculated using time series of NOx emission; results are very similar for CO

emissions, and negative because fires act as a net sink for OH.

[33] The bottom portion of Table 2 summarizes the rela-
tionship between anomalies in [OH]mass and the lightning
and biomass burning sources. Anomalies in lightning are
the most strongly correlated with the [OH]mass anomalies
of any source (R = 0.63), including those not listed (e.g.,
anthropogenic, soil, and biogenic). The estimated lightning
sensitivity is very close to the values calculated for that
source by Holmes et al. [2013]. Although variability in
biomass burning emissions is relatively higher than light-
ning, it has lower sensitivity (reflecting its CO emissions
and boundary-layer chemistry), and therefore a lower overall
correlation with [OH]mass (R = –0.3).

6. Discussion and Conclusions
[34] We presented results from a simulation of tropo-

spheric oxidant chemistry for 1998–2006 including inter-
annual variability (IAV) in tropical lightning imposed from
LIS satellite data [Murray et al., 2012]. In addition to light-
ning, our simulation takes into account the IAV of other
factors affecting oxidant chemistry including biomass burn-
ing, fossil fuel combustion, overhead ozone columns, and
meteorology. Our focus was to examine the importance of
lightning in driving IAV of tropical tropospheric ozone and
OH, and to test our understanding of the factors controlling
the oxidizing capacity of the atmosphere and its variability.

[35] In the tropics, IAV in the biomass burning source of
NOx (! = 0.51 Tg N yr–1) is greater than that from lightning
(! = 0.37 Tg N yr–1), yet we find lightning plays a more
important role in driving IAV for tropospheric columns of
ozone (TCO) in the tropics, except over the maritime con-
tinent where fires are more important. The dominance of
lightning over fires in driving IAV in tropical ozone reflects
the higher ozone production efficiency per unit NOx from
lightning. Imposing IAV in lightning NOx based on the LIS
observations improves the ability of the model to reproduce

observed monthly anomalies in TCO in the tropics, partic-
ularly in the maritime continent, East Africa, central Brazil,
and in continental outflow in the eastern Pacific and the
Atlantic. However, IAV in TCO in all these regions except
the first two remains poorly correlated with observations.

[36] IAV in lightning has a much greater effect on tro-
pospheric OH than on ozone. When we constrain IAV in
lightning NOx to LIS, simulated IAV in OH is more simi-
lar to that inferred from MCF by Montzka et al. [2011]. The
MCF time series implies global OH increased from 1998 to
the end of 2001 then decreased until 2003, behavior only
reproduced in the simulation using IAV from LIS. It is not
captured in our base simulation that shows similar tempo-
ral behavior in OH as other hindcasts for the same period
that did not constrain IAV in lightning [e.g., Holmes et al.,
2013; Montzka et al., 2011]. As with ozone, IAV in light-
ning causes greater IAV in OH than biomass burning, despite
larger variability in the latter source.

[37] We examined the contribution of each chemical reac-
tion to monthly anomalies in tropospheric mean OH for
1998–2006. Anomalies from production pathways tend to be
correlated in time with one another, as do anomalies in loss
frequencies. Production anomalies are primarily influenced
by the O(1D) + H2O reaction, although HO2 + NO is also
important; the loss anomalies are dominated by reaction with
CO. The production anomalies and loss anomalies add con-
structively and destructively to give the net anomaly in OH.
The primary factors contributing to the OH anomaly vary
from one month to another. The OH increase from 1998 to
2001 is driven by high CO emissions in 1998 followed by
negative production anomalies that gradually erode. Anoma-
lies in CO loss frequencies decrease OH from late 2001 into
2003, and then low biomass burning and ozone columns
drive an increase in OH not seen in that derived from MCF.

[38] To explain the strong influence of lightning on IAV
in OH, we isolated the impact of imposing additional IAV
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tropical column ozone over the latter half of the 21st century
is due to decreases in the lower stratosphere (Figure 1h),
which are larger than increases in upper stratospheric ozone
(Figure 1e).

[18] Models with larger (smaller) total column ozone
changes around year 2000 generally have larger (smaller)
changes in both lower and upper partial columns. There are
quantitative differences in the upper columns, but these are

Figure 1. Annual average (a–c) total and (d–i) partial column ozone amounts over three regions includ-
ing the tropics (25°S–25°N) and midlatitudes of each hemisphere (35°–60°S and 35°–60°N). The partial
column ozone is separated into an upper portion (Figures 1d–1f) from 20 to 0.1 hPa and a lower portion
(Figures 1g–1i ) from 500 to 20 hPa. All output are from 1960 to 2100 (except UMUKCA‐METO to
2083) and have been smoothed with a 1:2:1 filter iteratively 30 times. Note the scale change in the y axis
in Figures 1d–1f, which are half the magnitude of the other panels. Ground‐based total column ozone
observations (black squares; plotted every 4th year) are shown over 1964–2007 relative to 1964. SBUV
MOD total and partial column ozone observations (black triangles; plotted every 4th year) are shown over
1979–2009 relative to 1979.
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