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Fig. 5. Global distribution of total gaseous mercury (TGM) con-

centrations in surface air (1 ppq = 10!15 molmol!1 = 8.97 pgm!3
at 273K, 1013 hPa). Model values (background) are annual means

for 2006–2008. Data for land sites (diamonds) are annual means for

available years during 2000–2008 and all other observations from

ship cruises (circles) are averaged over 1" latitude bins. Obser-
vations include those used by Selin et al. (2007), plus additional

sites in Europe (Steffen et al., 2005, EMEP 2009), North Amer-

ica (Steffen et al., 2005; Yatavelli et al., 2006; Stamenkovic et al.,

2007; Temme et al., 2007; Choi et al., 2008; Sigler et al., 2009,

E. Edgerton, personal communication, 2008), East Asia (Nguyen

et al., 2007; Sakata and Asakura, 2007; Feng et al., 2008; Wan et al.,

2009), South Africa (Slemr et al., 2010) and the Galathea cruise

(Soerensen et al., 2010a). Note the change in linear color scale at

200 ppq.

standard deviation for the ensemble of sites is 209± 112 ppq
(1 ppq = 10!15 molmol!1 = 8.97 pgm!3 at 273K, 1013 hPa)
in the observations and 191± 59 ppq in the model. The

model is unbiased with respect to sites in Europe and North

America. The Hg +OH/O3 model matches observations sim-

ilarly well (189± 56 ppq, r2 = 0.80) because anthropogenic
emissions strongly influence the variability of TGM concen-

trations at the land sites.

A prominent deficiency in the model, previously identified

by Selin et al. (2007), is that it does not reproduce the high

concentrations observed over the North Atlantic and Pacific

Oceans during ship cruises. This is likely due to upwelling

mercury from the sub-surface ocean, possibly reflecting the

legacy of past anthropogenic emissions. Although this is not

captured in our simulation, where uniform sub-surface ocean

mercury concentrations are assumed globally (Strode et al.,

2007), Soerensen et al. (2010b) find that forcing GEOS-

Chem with observed sub-surface North Atlantic concentra-

tions can reproduce the high atmospheric concentrations ob-

served over the North Atlantic. This will be implemented in

a future version of the model.

Figure 6 shows that the Hg +Br and Hg+OH/O3 mod-

els diverge in their surface TGM predictions for the South-

ern Hemisphere because of the different oxidant distribu-

tions (Figs. 2 and 3). The Hg +Br model predicts 110–

120 ppq TGM at southern mid-latitudes vs. 140–150 ppq in

the Hg +OH/O3 model. The Hg+Br model better simu-

lates land stations in Antarctica (Temme et al., 2003) and
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Fig. 6. Meridional gradient of total gaseous mercury (TGM). The

model is averaged zonally during 2006–2008. Observations are the

same as in Fig. 5.

Cape Point, South Africa (F. Slemr, unpublished post-2008

data). However the trend at Cape Point from 135 ppq dur-

ing 2000–2004 to 105 ppq after 2008 (Slemr et al., 2010)

spans the range between the Hg +Br and Hg+OH/O3 mod-

els. Ship data at southern mid-latitudes likewise encom-

pass a wide range (110–160 ppq), likely caused by variabil-

ity in marine emissions, that does not discriminate between

the two simulations. Additional long-term measurements

at a southern mid-latitude site, complementing the record

at Cape Point, together with greater constraints on South-

ern Hemisphere ocean emissions would further test the Hg0

oxidation mechanism.

The meridional gradient in Fig. 6 differs markedly from

the model of Seigneur and Lohman (2008), which predicted

peak Hg0 in the tropics and unrealistically low concentra-

tions in the extra-tropics when Br was the sole oxidant.

Seigneur and Lohman inferred Br concentrations from the

GOME BrO columns, imposing vertical distributions and

Br/BrO ratios from the p-TOMCATCTM (Yang et al., 2005).

That CTM does not include halons and would therefore

greatly underestimate the contribution of the stratosphere to

the BrO column. Considering that the stratospheric contri-

bution is what causes the BrO column increase with latitude

(Fig. 2), this method would particularly overestimate tropo-

spheric Br and, hence, Hg0 oxidation at high latitudes.

3.2 Seasonal cycle at surface sites

Figure 7 compares simulated and observed seasonal cycles

of TGM at surface sites. Northern mid-latitude sites show

on average a late summer minimum in both observations and

the model. Bergan and Rodhe (2001) and Selin et al. (2007)

Atmos. Chem. Phys., 10, 12037–12057, 2010 www.atmos-chem-phys.net/10/12037/2010/
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Steady-state response
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Steady-state response

Atmospheric Chemistry 
and Transport Model
c(t) = c(0) +

! t

0

!c

!t
dt

!c
!t

= Kc + Elinear:

Simple Hg0 emissions

Steady-state surface Hg0

log
arbitrary



Matrix form of GEOS-Chem
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1. Run GEOS-Chem once to steady state

2. Model diagnostics give steady-state fluxes:

3. Calculate elements of Kp 

4. Choose E and solve:

5. Isotope steady state:

6. Solution time is...

!

process p

!c
!t

""""
p

= Kpc

!
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diag(css)!ss + diag(!E) E = 0

Kcss + E = 0
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Uncertainties in climate: aviation NOx
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C. Holmes, M. Prather, Q. Tang (2011) Uncertainties in climate 
assessment: the case of aviation NOx. PNAS in review.
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Fig. 1. NOx emissions (TgN/m
2/year) used in QUANTIFY by sector.

Table 3. Model simulations performed for QUANTIFY.

experiment emission

road ship aircraft

BASE 100% 100% 100%

ROAD 95% 100% 100%

SHIP 100% 95% 100%

AIR 100% 100% 95%

ALL 95% 95% 95%

emissions by Borken et al. (2007) are higher by 33% for

NOx and about 50% for CO emissions than those used in

this study. Nonetheless, low total CO emissions are a result

of lowered average emission factors accounting for effective

use of catalytic converters in light duty vehicles.

The resulting source strengths of NOx from the differ-

ent sectors, which were used in QUANTIFY are shown in

Fig. 1. Globally, road NOx emissions are dominated by the

eastern US and western Europe as well as India and east-

ern China, the latter with an increase rate of 6%/year (Ohara

et al., 2007) only between 2000 and 2003. Besides the conti-

nental coast lines in the northern hemisphere and around the

major shipping routes ship traffic over the northern central

Atlantic between 25!–55! N is a significant source of NOx
over a large area. A second NOx source from ship emissions

covering a large area is traffic along the east coast of Asia.

Besides the continental eastern US and western Europe the

largest emissions from air traffic also occur over the North

Atlantic, though further north than the shipping maxima. In

the southern hemisphere NOx emissions are largely domi-

nated by non-traffic sources and biomass burning.

The simulation period covers the years 2002 and 2003

with 2002 as spin-up. Each participating model calculated

the chemical state of the atmosphere for present day condi-

tions using all emissions as described above. The perturba-

tion simulations were performed by reducing the emission of

each individual transport sector by 5% (see Table 3). This

relatively small reduction was applied to avoid nonlinear re-

sponses of the chemical system which would occur by set-

ting the respective emissions to zero. To check for linearity a

final simulation was carried out with all transport sectors si-

multaneously reduced by 5%. Post processing confirmed the

linearity of the small scale perturbation approach allowing to

integrate the effects of the individual transport sectors in this

setup.

Atmos. Chem. Phys., 9, 3113–3136, 2009 www.atmos-chem-phys.net/9/3113/2009/
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tion simulations were performed by reducing the emission of

each individual transport sector by 5% (see Table 3). This

relatively small reduction was applied to avoid nonlinear re-

sponses of the chemical system which would occur by set-

ting the respective emissions to zero. To check for linearity a

final simulation was carried out with all transport sectors si-

multaneously reduced by 5%. Post processing confirmed the

linearity of the small scale perturbation approach allowing to

integrate the effects of the individual transport sectors in this

setup.
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Aviation NOx emissions

Tg(N) a-1

all scaled to 1 Tg(N) a-1

Net RF: 4.5 ± 4.5 mW m-2

GWP100: 52 ± 52
NOx RF is 7 ± 7 % of CO2 after 100 y

• Ensemble of all RF estimates since IPCC 1999
• Steady-state RF
• Includes CTMs, GCMs, various emissions, ...

• Factor analysis reproduces ensemble and 
allows error analysis

Flong CH4 =
dLCH4

dE
fCH4 [CH4]

dF

d[CH4]



Ensemble correlation
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R2 = 0.79

O3 and CH4 RF response highly correlated. 
(previously suspected but not demonstrated. 
e.g. IPCC 1999)

UCI CTM reproduces slope and magnitude 
of ensemble by changing processes that 
affect background NOx of the FT

Consistent with OPE response to 
background NOx

Studies with large short-lived O3 RF have 
largest net RF

Steady-state aviation NOx RF


