
ACPD
14, 8575–8632, 2014

Global impacts of
HO2 loss on cloud

and aerosol

V. Huijnen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 14, 8575–8632, 2014
www.atmos-chem-phys-discuss.net/14/8575/2014/
doi:10.5194/acpd-14-8575-2014
© Author(s) 2014. CC Attribution 3.0 License.

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Modeling global impacts of
heterogeneous loss of HO2 on cloud
droplets, ice particles and aerosols
V. Huijnen1, J. E. Williams1, and J. Flemming2

1Royal Dutch Meteorological Institute, De Bilt, the Netherlands
2European Centre for Medium-Range Weather Forecasts (ECMWF), Reading, UK

Received: 10 February 2014 – Accepted: 18 March 2014 – Published: 31 March 2014

Correspondence to: V. Huijnen (huijnen@knmi.nl)

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

8575

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 8575–8632, 2014

Global impacts of
HO2 loss on cloud

and aerosol

V. Huijnen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

The abundance and spatial variability of the hydroperoxyl radical (HO2) in the tropo-
sphere strongly affects atmospheric composition through tropospheric ozone produc-
tion and associated HOx chemistry. One of the largest uncertainties in the chemical
HO2 budget is its heterogeneous loss on the surface of cloud droplets, ice particles5

and aerosols. We quantify the importance of the heterogeneous HO2 loss at global
scale using the latest recommendations on the scavenging efficiency on various sur-
faces. For this we included the simultaneous loss on cloud droplets and ice particles
as well as aerosol in the Composition-Integrated Forecast System (C-IFS). We show
that cloud surface area density (SAD) is typically an order of magnitude larger than10

aerosol SAD, using assimilated satellite retrievals to constrain both meteorology and
global aerosol distributions. Depending on the assumed uptake coefficients, loss on liq-
uid water droplets and ice particles accounts for ∼ 53–70 % of the total heterogeneous
loss of HO2, due to the ubiquitous presence of cloud droplets. This indicates that HO2
uptake on cloud should be included in chemistry transport models that already include15

uptake on aerosol. Our simulations suggest that the zonal mean mixing ratios of HO2
are reduced by ∼ 25 % in the tropics and up to ∼ 50 % elsewhere. The subsequent
decrease in oxidative capacity leads to a global increase of the tropospheric carbon
monoxide (CO) burden of up to 7 %, and an increase in the ozone tropospheric life-
time of ∼ 6 %. This increase results in an improvement in the global distribution when20

compared against CO surface observations over the Northern Hemisphere, although
it does not fully resolve the wintertime bias in the C-IFS. There is a simultaneous in-
crease in the high bias in C-IFS for tropospheric CO over the Southern Hemisphere,
which constrains on the assumptions regarding HO2 uptake on a global scale. We show
that enhanced HO2 uptake on aerosol types associated with anthropogenic sources25

could contribute to reductions in the low bias for CO simulated over the extra-tropical
Northern Hemisphere.
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1 Introduction

Atmospheric lifetimes of gaseous pollutants and greenhouse gases are determined by
their reactions with oxidants. The key tropospheric oxidants are the hydroxyl radical
(OH), ozone (O3) and, to a lesser extent, the nitrate radical (NO3) and the halogen
radicals. The resident mixing ratios of such oxidants are closely linked to the resident5

mixing ratios of the hydroperoxyl radical (HO2) as the result of radical-radical interac-
tions (Logan et al., 1981). One important route for HO2 loss is the oxidation of nitric
oxide (NO) to nitrogen dioxide (NO2), which is crucial for the formation of tropospheric
O3. An alternative pathway for HO2 loss is the uptake and/or scavenging by aerosol,
ice and cloud particles (Liang and Jacob, 1997; Jacob, 2000). In the past, the impact10

of HO2 uptake on heterogeneous surfaces has received less attention in laboratory
and modelling studies than the uptake of N2O5, even though it has been shown to play
a significant role in the troposphere (Tie et al., 2001; Martin et al., 2003; Liao and Sein-
feld, 2005). More recently, global modeling studies using Chemistry Transport Models
(CTMs) have shown that including heterogeneous loss of HO2 on aerosol surfaces can15

have a significant effect on atmospheric composition by increasing the tropospheric
burden of carbon monoxide (CO) and other trace gases as a result of a reduction in
oxidative capacity (Macintyre and Evans, 2011; Lin et al., 2012; Mao et al., 2013).

While most previous modeling studies have focused on the uptake of HO2 on aerosol
surfaces, fewer studies considered HO2 uptake on cloud and ice particles. This is de-20

spite the fact that the solubility of HO2 is rather high, implying that uptake into cloud
droplets under ambient tropospheric conditions could be significant (Thornton et al.,
2008; Tilgner et al., 2005). Furthermore, the global surface area density (SAD) of cloud
droplets is more than an order of magnitude larger than that of aerosol SAD, especially
in regions away from strong aerosol sources such as over the Arctic, Atlantic/Pacific re-25

gions. The volume of tropospheric air occupied by liquid clouds is typically only a frac-
tion of the total tropospheric volume (Jacob, 2000). The cloud fraction, as provided in
the ECMWF meteorological analyses, reaches a value of ∼ 15 % as a global average
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at ∼ 800 hPa altitude. Nevertheless, cloud chemistry of short-lived components can
have a significant effect on tropospheric composition. Morita et al. (2004) have sug-
gested that efficient HO2 uptake by water surfaces takes place, based on molecular
dynamics calculations. Once phase transfer has occurred HO2 dissociates to H+ and
O−

2 depending on the pH of the droplet, with the characteristic pKa value being 4.85

(Bielski et al., 1985). By the efficient scavenging of soluble precursors, such as hy-
drogen peroxide (H2O2) and formaldehyde (HCHO), aqueous phase chemistry plays
a significant role in the global HOx budget (Lelieveld and Crutzen, 1991; Ervens et al.,
2003). For example, in complex 1-D column model studies Williams et al. (2002) have
shown that strong reductions of between ∼ 30–40 % in HOx mixing ratios occur during10

cloud events as a consequence of HO2 uptake on clouds and aquated aerosol over
the polluted marine boundary layer. Such reductions have also been confirmed during
in-flight observations of HOx radicals above West Africa (Commane et al., 2010).

The rates of heterogeneous uptake reactions are generally modeled using a first-
order loss rate depending on a characteristic uptake coefficient (γ), (Schwartz, 1986),15

which describes the likelihood that uptake will occur when a collision happens between
the gas-phase molecule and the surface. γ(HO2) values between 2×10−3 and 1.0
have been reported in the literature based on laboratory, field, and modelling studies
(Mozurkewich et al., 1987; Cooper and Abbatt, 1996; Thornton and Abbatt, 2005; Bed-
janian et al., 2005; Thornton et al., 2008; Loukhovitskaya et al., 2009; Whalley et al.,20

2010; Taketani et al., 2012; Mao et al., 2013; Liang et al., 2013). HO2 heterogeneous
reaction on aerosol is thought to be an important process required to explain observa-
tions of atmospheric composition over the Arctic (Mao et al., 2010; Olsson et al., 2012).
Studies of heterogeneous reactions on aerosol surfaces have highlighted the sensitiv-
ity to pH, the aerosol hygroscopic properties and the availability of Transition Metal25

Ions (TMI), namely iron and copper ions. Also several reaction pathways leading to
different product distributions have been proposed (Jacob et al., 2000; De Reus et al.,
2005; Mao et al., 2013; Liang et al., 2013), although they have yet to be supported by
corresponding laboratory measurements.
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Modeling the global impact of heterogeneous HO2 uptake requires an accurate de-
scription of the available SAD integrated for the different types of aerosol and cloud
particles. Also the hygroscopy of the aerosol has to be known as the acidity in the
droplet is important for the speciation of TMI in the solution (e.g. Ervens et al., 2003).

For example, colloidal speciation of TMI has been found in measurements of chemi-5

cally aged rainwater (Parazois et al., 2006) showing that a large fraction of TMI are not
simply in the aquated form.

At present there is a wide variety of global CTMs which simulate aerosols together
with gas-phase chemistry (Myhre et al., 2013), with a wide range of simulated inter-
actions. Tropospheric aerosol impacts on gas-phase chemistry via heterogeneous re-10

actions as well as the perturbations of photolysis rates by enhanced scattering and
absorption. For instance, the GEOS-Chem and MOZART CTMs apply a bulk aerosol
model (e.g. Tie et al., 2005; Thornton et al., 2008; Mao et al., 2013), while ECHAM-
HAM and TM5 apply a modal scheme, where the aerosol particle size distribution is de-
scribed by 7 lognormal modes (Vignati et al., 2004; Pozzoli et al., 2008; Aan den Brugh15

et al., 2011). Our study uses the weather forecast model with online integrated aerosol
and chemistry modules (Flemming et al., 2014) of the European Centre for Medium
range Weather Forecasting (ECMWF), which is referred to as “Composition-Integrated
Forecast System” (hereafter C-IFS). C-IFS applies the modified CB05 chemistry mech-
anism (Williams et al., 2013) and a bulk aerosol scheme (Morcrette et al., 2009), which20

has been extended to include nitrate (NO−
3 ) and ammonium (NH+

4 ) aerosol available
from the gas-phase chemistry scheme. The meteorological model used in C-IFS is ini-
tialized by operational daily ECMWF meteorological analyses. Clouds are described by
the use of prognostic variables for cloud liquid water, cloud ice and cloud fraction (IFS
documentation Cy38r1, 2013).25

In this paper we assess the impact of accounting for the heterogeneous uptake of
HO2 by tropospheric aerosol, cloud droplets and ice particles on the tropospheric gas
phase chemistry represented by the chemical ozone budget and the oxidation capacity.
We use HO2 scavenging coefficients which are taken from the latest recommendations.
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The aerosol concentrations used in our study are taken from the MACC re-analysis
(Morcrette et al., 2011), which is constructed from the assimilation of aerosol optical
depth (AOD) satellite observations (Benedetti et al., 2009). By having tropospheric
chemistry implemented in the meteorological model we can fully exploit the availability
of meteorological parameters applied in physics parameterizations (Flemming et al.,5

2014).
This paper is structured as follows. In Sect. 2, we give an overview of the modeling

system, discuss the uptake coefficients provided in the literature and provide details
of the model sensitivity experiments. In Sect. 3 we evaluate the performance of the C-
IFS by comparing against a variety of measurements and provide a discussion of the10

results. Here we also present the effects of various assumptions on global composition.
In Sect. 4 we provide further discussion of the uncertainties related to our approach,
and finally, in Sect. 5, we summarize our conclusions.

2 Model overview

The IFS of the European Center for medium Range Weather Forecasts has re-15

cently been extended to include both aerosols (Morcrette et al., 2009) and chem-
istry (Flemming et al., 2014) within the framework of the MACC project (Monitoring
Atmospheric Composition and Climate, www.copernicus-atmosphere.eu). The mete-
orological model in the current version of C-IFS is based on IFS cycle 38r1 (http:
//www.ecmwf.int/research/ifsdocs/). This cycle benefits from the use of the updated20

microphysics scheme (Forbes et al., 2011), which includes the description of five prog-
nostic variables (cloud fraction, cloud liquid water, cloud ice, rain and snow). We run
the model at a spectral resolution of T159 (∼ 1.125◦) and with 60 hybrid sigma model
levels.

The aerosol module describes the aerosol composition based on 5 different aerosol25

types, namely sea salt (SS), dessert dust (DD), sulphate (SO2−
4 ), Black Carbon (BC)

and Organic Matter (OM) (Morcrette et al., 2009). For sea salt and dust three size
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bins are assumed, whereas for black carbon and organic carbon we differentiate be-
tween hydrophobic and hydrophilic aerosol types. Table 1 contains the density of each
aerosol type and the assumptions regarding the effective radii to account for hygro-
scopic growth at increased relative humidity, required for the computation of the aerosol
SAD. Hygroscopic growth with ambient moisture for different hydrophilic aerosol types5

is parameterized with the relative humidity (RH) prescribed by the ECMWF meteoro-
logical data following Chin et al. (2002). In our model simulations total aerosol is con-
strained by the data assimilation of observations from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) TERRA and AQUA instruments (Remer et al., 2005).
In the assimilation procedure the a priori model aerosol concentrations are scaled to10

optimize the total modeled AOD to the observations (Benedetti et al., 2009). Huijnen
et al. (2012) showed that modeled a priori aerosol type, including assumed aerosol
emissions, is crucial to achieve a successful constraint on aerosol speciation.

The tropospheric chemistry in the C-IFS is described by the recently developed mod-
ified CB05 scheme (Williams et al., 2013). This is a reduced version of the CB05 chem-15

ical mechanism (Yarwood et al., 2005), where selected reactions and product distribu-
tions are taken from Zaveri and Peters (1999). Acetone (CH3COCH3) chemistry was
also added. Compared to the work presented in Williams et al. (2013) in our study the
mechanism was modified as follows: (i) the product yield for the self reaction of methyl-
peroxy radical was updated following Yarwood et al. (2005), (ii) two explicit tracers were20

added for the higher C3 peroxy-radicals formed during the oxidation of C3H6 and C3H8,
respectively, following Emmons et al. (2010) to introduce a term for the chemical pro-
duction of CH3COCH3 and the higher aldehydes and (iii) the yield of methacrolein and
methyl-vinyl ketone (lumped as ISPD) from isoprene oxidation was decreased as mo-
tivated by an intercomparison between chemical mechanisms (Archibald et al., 2010).25

These updates are summarized in Table 2. Both NO−
3 and NH+

4 aerosol components
are not part of the MACC aerosol model (Morcrette et al., 2009) but their formation
rates are based on the EQSAM solver (Metzger et al., 2001) as taken over from the
TM5 chemistry transport model (Huijnen et al., 2010). The same holds for the Euler
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backward iterative chemical solver (Hertel et al., 1993). The modified band approach,
which is adopted for the computation of photolysis rates (Williams et al., 2012), uses
the actual aerosol absorption and scattering optical depths for each individual atmo-
spheric column.

The parameterizations used for wet scavenging and dry deposition are described in5

Flemming et al. (2014) for the gas-phase species, and in Morcrette et al. (2009) for the
aerosol species. The monthly mean dry deposition velocities are based on climatolog-
ical fields taken from the MOCAGE CTM (Michou et al., 2004), except for CO, where
a scaling based on soil wetness was applied (Sanderson et al., 2003; Stein et al.,
2014). Stratospheric O3 concentrations are constrained by the ECMWF operational10

analyses of O3, hence ensuring realistic overhead columns and stratospheric ozone
inflow. Surface methane concentrations are prescribed by a zonal, monthly climatol-
ogy derived from flask observations at the surface from selected background stations
situated in pristine regions near the dateline.

The anthropogenic emission estimates are based on the MACCity inventory (Granier15

et al., 2011). For biogenic emissions we adopt the POET database for 2000 (Granier
et al., 2005; Olivier et al., 2003), with isoprene emissions being taken from MEGAN2.1
and valid for the year 2000 (Guenther et al., 2006). For biomass burning emissions we
apply actual daily estimates taken from the Global Fire Assimilation System (GFAS)
version 1 (Kaiser et al., 2012). The individual emission totals are provided in Table 3.20

Finally, Lightning NOx emissions are calculated according to the parameterization of
Meijer et al. (2001) which are dependent on the convective precipitation and scaled
to give an annual total of ∼ 5 TgNyr−1. For aircraft NOx emissions ∼ 0.7 TgNyr−1 are
assumed (Lamarque et al., 2010). Aerosol emissions are as described in Morcrette
et al. (2009) with aerosol fire emissions also derived from GFASv1 (Kaiser et al., 2012).25
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2.1 Heterogeneous uptake on surfaces

Heterogeneous reactions on aerosol and cloud particles are described by a pseudo
first-order rate constant khet using the theory of Schwartz (1986):

khet =

(
re

Dg
+

4
cγ

)−1

A (1)
5

where re (cm) is the particle effective radius, Dg (cm2 s−1) is the gas phase diffusion

coefficient, γ is the uptake coefficient, c (cms−1) is the mean molecular speed, and A
is the cloud or aerosol surface area density (cm2 cm−3). The SAD for liquid cloud and
aerosol particles is computed as:

A =
3M
ρre

(2)10

with M being the particle mass density in the ambient air (gcm−3) and ρ (gcm−3) the
density of the particle. Here we assume the shape of the particles to be spherical. For
liquid and ice cloud SAD we scale M by the cloud fraction to obtain the SAD represen-
tative for the cloudy part of the grid cell. The effective cloud particle radius (re, cloud) is15

computed by the rather simple empirical relationship of Fouquart et al. (1990):

re, cloud = 4+11LWP (3)

With LWP being the liquid water path (g m−2), integrated per grid cell from the cloud
liquid water content and scaled by the cloud fraction, and re, cloud given in units (µm).20

For the computation of ice cloud SAD we apply the parameterization developed by
Heymsfield and McFarquhar (1996):

Aice = 10−4IWC0.9 (4)
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Compared to observations, Popp et al. (2004) found that Aice is too low, therefore
Schmitt and Heymsfield (2005) suggested a multiplication by a factor 10 to account
for irregularities in the ice particles. The effective ice particle radius re, ice are computed
according to the parameterization of Fu (1996):

re, ice =

√
3

3ρice

IWC
A

(5)5

The heterogeneous reactions of N2O5 on cloud and aerosol surfaces which forms nitric
acid (HNO3) are included in all simulations (see Table 4). In addition, NO3 loss on
aerosol is assumed to take place with γ(NO3) = 10−3 following Jacob (2000).

Kolb et al. (2010) and Abbatt et al. (2012) have recently reviewed the current knowl-10

edge of γ(HO2) values in the absence of TMI. They note divergent recommendations
for the uptake co-efficients. Furthermore, Abbatt et al. (2012) point out that the reac-
tive uptake of HO2 at room temperature is rather slow suggesting a small value of
γ(HO2) < 0.01 (Mozurkewich et al., 1987; Thornton and Abbatt, 2005). As pointed out
by Thornton et al. (2008) this can be explained by the temperature dependent solubility15

of HO2, which may still lead to values γ(HO2) > 0.1 for weakly acidic, cold particles (i.e.
pH 5, < 270 K), which are ubiquitous in the upper troposphere and in polar regions. In
contrast, Taketani et al. (2008) measured efficient first order loss of HO2 over a range
of aqueous inorganic particles at room temperature, suggesting a higher γ(HO2) of
∼ 0.1, with the loss being generally enhanced at higher relative humidity levels. More-20

over, γ(HO2) becomes> 0.05 for RH> 50 % on hygroscopic salts and on water-soluble
organic aerosol due to enhanced solubility. Earlier studies that use macroscopic films
of cold liquid water and/or sulfuric acid solutions find generally a γ(HO2) > 0.05 (e.g.,
Cooper and Abbatt, 1996). Thus Abbatt et al. (2012) conclude that further validation
experiments are required to reconcile the conflicting vales of results of γ(HO2), such as25

those recently performed by George et al. (2013), where γ(HO2) < 0.02 was measured
on aqueous inorganic salt aerosols.
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The presence of transition metal ions (TMI) in aerosol particles is thought to strongly
enhance HO2 uptake by introducing the direct reduction of aquated HO2 radicals,
as shown in the box modeling studies of Tilgner et al. (2005). TMI are considered
ubiquitous in aerosol particles (Mao et al., 2013), especially in the vicinity of anthro-
pogenic sources. For instance, local measurements of γ(HO2) on aerosol particles in5

and nearby Beijing, China have shown values up to 0.4 (Taketani et al., 2012) and 0.86
(Liang et al., 2013), respectively, hence it has been postulated that TMI play a signif-
icant role in polluted areas. Nevertheless, little quantitative information is available in
the literature on the size-resolved concentrations of TMI in ambient aerosol particles to
make assessments in this regard.10

In their mechanism Mao et al. (2013) suggest that no H2O2 is formed during the loss
of HO2 on aerosol surfaces, which has previously been invoked in order to explain the
observational evidence of low H2O2 in presence of aerosol concentrations (e.g., Mao
et al., 2010; De Reus et al., 2005). However, H2O2 is also thought to be formed within
cloud droplets and aquated aerosols by photochemical radical chemistry thus reducing15

the uptake (Anastasio et al., 1994; Arakaki et al., 1995; Wang et al., 2010) although
this is thought to be a secondary source compared to the direct phase transfer from
the gas phase (Marinoni et al., 2011). It has also been postulated that the de-gassing
of dissolved compounds during the evaporation of cloud droplets could be a source of
gas-phase H2O2 under certain conditions (Zuo and Hoigne, 1992).20

Considering that no consensus has been reached regarding the most relevant value
for γ(HO2) on aerosol particles we choose to select a lower limit as discussed in Abbatt
et al. (2012) (see Table 5) in order not to overestimate the effect. However, we carried
out an additional sensitivity simulation where γ(HO2) is set to 0.7 on aerosol types that
are mostly associated to anthropogenic origin (SO2−

4 , NO−
3 , BC), i.e. for those aerosols25

for which high values for γ(HO2) have been observed (Liang et al., 2013; Taketani
et al., 2012). This provides an estimate of the impact on atmospheric composition
when assuming a relatively large efficiency of HO2 uptake on aerosol.
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Only few publications report on the actual uptake efficiency of HO2 on clouds, despite
its importance (e.g., Jacob et al., 2000; Tilgner et al., 2005). Here we assume γ(HO2)
on liquid cloud to be 0.06, which is lower than the value suggested for salt solutions
(Kolb et al., 2010), and the value implied by Morita et al. (2004) of 0.2, so should be
considered as a lower limit. Once scavenged into solution HO2 undergoes dissociation5

(pKa ∼ 4.8, Bielski et al., 1985) where the pH of cloud droplets can range from 4 (pol-
luted) to 7 (remote) therefore phase equilibrium is rarely achieved. For the uptake of
HO2 on ice particles we follow the IUPAC recommendation based on Cooper and Ab-
batt (1996). Considering the limited area of the grid cell where clouds are present, an
assumption has to be made on the subgrid-scale processing (Liang and Jacob, 1997).10

Based on an assessment of the HO2 chemical budget under cloudy conditions, we find
that the HO2 heterogeneous loss is relevant, but not the dominating term in the over-
all chemistry budget. This will also be illustrated by the global HO2 budget presented
in Sect. 3.4. Therefore the assumption of subgrid-scale mixing between cloudy and
cloud-free parts of the grid cell after every time step will not lead to an over-estimation15

of the HO2 loss through the cloudy part of the grid cell: other chemistry terms are still
dominating the sub-grid HO2 budget. Therefore we scale khet by the cloud fraction, to
obtain a grid-cell average reaction rate.

In our study we assume that no HO2 or H2O2 is released from the cloud or aerosol
particles during evaporation, but by choosing the lower limit for γ(HO2) on aerosol, and20

cloud droplets, we in some way account for the in-situ formation of H2O2 in aerosol
particles, which is thought to occur when accounting for the detailed aqueous phase
chemistry. In Sect. 4 we review the uncertainties related to the heterogeneous uptake
parameterization in our simulations.

2.2 Definition of the sensitivity studies and emission estimates25

We have performed four different sensitivity experiments with C-IFS using γ(HO2) val-
ues provided in Table 5. These comprise of (i) a simulation with no heterogeneous
uptake of HO2 (BASE) (ii) a simulation where HO2 uptake on aerosol is included using
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a constant value for γ(HO2) = 0.06 following Abbatt et al. (2012) (AER), (iii) a simula-
tion as AER but with uptake on cloud and ice particles additionally included (AER-CLD)
and (iv) a simulation as AER-CLD except that a γ(HO2) = 0.7 is applied on a limited
set of aerosol types (SO2−

4 , NO−
3 and BC), as motivated by recent field measurements

in urban environments (Taketani et al., 2012; Liang et al., 2013), run AER-S-CLD.5

By initializing meteorology and aerosol concentrations on a daily basis this provides
constraints on their respective uncertainties, and hence on the associated cloud and
aerosol SAD.

2.3 Observational datasets

For the validation of the distribution of selected trace gas species in the C-IFS and10

the quantification of the effects on these species, we use in-flight observations from
the DC-8 aircraft over the Arctic, taken during April and between June–July in 2008 as
part of the Arctic Research of the Composition of the Troposphere from Aircraft and
Satellites (ARCTAS) campaign (Jacob et al., 2010). The availability of observations of
a host of different trace gases, including HO2, enables a critical assessment of the15

performance of the C-IFS over the (remote) Arctic region during both the Arctic spring
and summer. While the springtime flights were designed to study mainly the impact
of mid-latitude pollution to the Arctic, the summertime flights were focusing on radical
photochemistry, the quantification of boreal fire emissions, and their impacts on ozone
production (Jacob et al., 2010). In our analysis we use the observations north of 45◦ N,20

where the flight routes are shown in Fig. 1. Uncertainties in the measurement of trace
gas mixing ratios were reported to be of the order of 3 % for O3, 12%±26 pptv for
CH2O and 32 % for HO2 and 50%±100 pptv for H2O2 (Olson et al., 2012).

Tropospheric O3 profiles are further evaluated using a selection of composites as-
sembled using data taken from the World Ozone and Ultraviolet Radiation Data Cen-25

tre (WOUDC) balloon sonde data. The selected sites are Tateno (140.1◦ E, 36.1◦ N),
Hohenpeissenberg (11.0◦ E, 47.8◦ N), Nairobi (36.8◦ E, 1.3◦ S) and Neumayer (8.3◦ W,
70.7◦ S), which provide coverage for both the tropics and extra-tropics. We evaluate
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surface carbon monoxide mixing ratios against NOAA Earth System Research Labo-
ratory (ESRL) Global Monitoring Division (GMD) observations at selected background
stations. Here we use data from the stations Alert (62◦ W, 82◦ N), Mace Head (10◦ W,
53◦ N), Tenerife (16◦ W, 28◦ N), Assekrem (5◦ E, 23◦ N), Ascension Island (14◦ W, 8◦ S),
Mauna Loa (155◦ W, 19◦ N), Samoa (170◦ W, 14◦ S) and Syowa (39◦ E, 69◦ S). Further-5

more, CO total columns are compared against the day-time data from the multispectral
thermal infrared (TIR)/near infrared (NIR) MOPITT-V6 product (Deeter et al., 2012,
2013), where we apply the averaging kernel to the model profiles, and additionally
average pixels binned within 1◦ ×1◦ within each month.

3 Results10

In this section we first provide a summary of the performance of the aerosol fields
from the literature. This is followed by a general overview of the global distribution of
cloud and aerosol SAD and its impact on HO2 as modelled in our study. We compare
co-located tracer distributions against ARCTAS data for April/June–July 2008, which
provides constraints on HO2, and other chemical compounds over the remote Arctic15

region. Last we evaluate tropospheric O3 and CO on a global scale with respect to the
different approaches to the modelling of heterogeneous HO2 uptake.

3.1 The aerosol fields

In our study aerosol fields are strongly constrained by the MACC reanalysis (Morcrette
et al., 2011), which have been extensively validated (Eskes et al., 2013; Bellouin et al.,20

2013). The validation against independent Aeronet data of AOD (Dubovik et al., 2002)
has shown that European total AOD exhibits a small, homogeneous positive bias of
∼ 10 %. For the Sahel zone, the total AOD is underestimated by ∼ 10 %, caused by
a low bias in largest dust particles, despite a positive bias for the smallest dust particles.
Also a low bias in the biomass burning aerosol is found (Eskes et al., 2013). For North25
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America a high bias of ∼ 40–60 % exists, although this is somewhat smaller over the
more polluted Eastern part of North America. The total AOD at remote oceanic sites
in the southern oceans is also considerably overestimated (+100 %) suggesting an
over-estimate of sea salt contributions. Variable small biases of within 20 % are seen in
Eastern Asia. Overall, the correlation between the MACC reanalysis and the Aeronet5

data for AOD for the year 2008 is good (r = 0.87), with a (positive) normalized mean
bias of 15.1 % based on daily data. Assuming an approximately linear relationship
between aerosol density and SAD (see Eq. 2), this suggests a corresponding global
over-estimation of aerosol SAD in the same order of magnitude.

3.2 SAD and its impact on HO210

Figures 2 and 3 present the zonal and horizontal mean distributions of the monthly
mean SAD, respectively, for April 2008. At 800 hPa it can be seen that liquid cloud SAD
dominates the total SAD, with values generally being an order of magnitude larger than
those from both ice cloud and aerosol, except for over the (dry) desert regions. The
maximum liquid cloud SAD values can be found near the storm tracks in the Southern15

Hemisphere (SH). The zonal mean projection shows that levels of ice cloud SAD are
significant at high latitudes (> 70◦ S/◦ N) and up in the upper tropical troposphere be-
tween 150–400 hPa, where cold temperatures persist. The zonal distributions of cloud
and aerosol SAD shows that in the tropics (30◦ S–30◦ N), where a large fraction of
global oxidation occurs due to high water vapour and high temperatures, the SAD20

from cloud droplets dominates. While liquid cloud SAD maximizes at an altitude of
∼ 850 hPa, aerosol SAD is increases towards the surface, especially over the major
aerosol source regions in the Northern Hemisphere (NH).

Relatively high aerosol SAD is also found over the oceans in the SH, related to high
sea salt concentrations. This contribution to the total aerosol SAD is most likely over-25

estimated (see discussion in Sect. 4). Over the Arctic, where the majority of ARCTAS
flights take place, the aerosol SAD at 800 hPa ranges between 40 and 100 µm−2 cm3,
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which appears about a factor 4 larger than found in the analysis by Olson et al. (2012),
who assume dry aerosol particles.

The resulting effect on resident HO2 mixing ratios when comparing BASE, AER and
AER-CLD is shown in Fig. 4, where both the horizontal and zonal mean change in HO2
mixing ratios are given. It can be seen that the HO2 mixing ratios are highest within the5

tropics. Therefore, and because of the much larger area, the uptake on cloud droplets
within the tropics dominates the global budget term for HO2 loss by heterogeneous
scavenging, when assuming a similar uptake efficiency for both cloud and aerosol.

Nevertheless, largest relative changes are found outside the tropics, as within the
tropics the gas-phase photochemistry, characterized by fast photolysis rates, is dom-10

inating the HOx budget at the expense of the heterogeneous loss. At the northern
and southern mid-latitudes, where instances of full cloud coverage are frequent (see
Fig. 3), and over regions with a strong contribution due to aerosol particles, the de-
crease in HO2 mixing ratios are significant (> 30 %). For regions over the Arctic, the
change shows a considerable variation with altitude with the strongest reductions be-15

ing at altitudes between 1000 hPa and 800 hPa and around 400 hPa, likely related to the
largest transport routes towards the Arctic. From these figures the relative importance
of HO2 uptake on cloud as compared to its uptake on aerosol becomes apparent.

For AER-S-CLD, which has enhanced scavenging efficiency on SO2−
4 , NO−

3 and BC
aerosol, an additional reduction in HO2 concentrations of 10–20 % on average is found20

over the extratropical NH as shown in Fig. 5. This figure indicates the largest decrease
in HO2 concentrations (up to 50 %) over the East-Asian source region and its outflow,
where aerosol concentrations from anthropogenic origin exhibit high values.

A quantitative evaluation of changes in the tropospheric composition and the asso-
ciated chemistry budgets is provided in the next subsections.25

3.3 Evaluation of trace gas distributions against ARCTAS data

We evaluate the model results against in-flight observations taken as part of the ARC-
TAS aircraft campaign during both April and June–July 2008 (Sect. 2.3, Jacob et al.,
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2010). The photochemistry at these high latitudes shows a strong seasonal cycle, with
low activity in Arctic wintertime conditions. Moreover, the flux of photolysing radiation
is further enhanced by the high albedo from persistent snow and sea ice surfaces.

Comparisons of the spring and summertime median vertical profiles for CO, O3,
HO2, CH2O and H2O2 are shown in Fig. 6. There is a general underestimation of tro-5

pospheric CO throughout the troposphere in April, similar to the findings by Shindell
et al. (2006) for different global CTMs. This underestimation is less pronounced during
the boreal summer, when photochemistry is active throughout the day. During April,
AER-S-CLD shows the best agreement with the observations. With little local emis-
sions, the distribution of CO in the Arctic is sensitive to the transport of both CO and10

its precursors into the region (Thomas et al., 2013; Stein et al., 2014). However, even
with the application of relatively high-resolution transport and meteorology, C-IFS still
leads to an under prediction in CO, suggesting missing CO and precursor emissions.
The corresponding changes introduced for tropospheric O3 are small due to the low
photolysis frequency for NO2 dampening the importance of the NO and HO2 recycling15

reaction in terms of O3 regeneration. Thus, the increases in CO occur due to the vari-
ability in oxidative capacity introduced outside the Arctic.

The observed tropospheric HO2 mixing ratios during April are about a factor 3 lower
than those in June, due to differences in the seasonal photochemical activity and the
very short tropospheric lifetime. During April, BASE shows a good agreement when20

compared against the measured HO2 mixing ratios while introducing heterogeneous
loss results in an underestimation up to ∼ 30 %. There is an associated underestima-
tion of both OH and H2O2 by ∼ 50 % in both BASE and AER-S-CLD. Nevertheless,
HO2 from BASE showing the best agreement to observations is fortuitous as the H2O2
and CH2O vertical profiles, both acting as dominant chemical precursors for HO2 (Mao25

et al., 2010; Olson et al., 2012), are significantly underestimated. Therefore, the low
HOx in the C-IFS for April is most likely related to the uncertainties related to both
transport into the region and the loss of H2O2 and CH2O by wet scavenging. Evalu-
ation of the vertical distribution of the most important chemical precursors of CH2O,
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such as CH3CHO, C3H6, and C3H8 in C-IFS (not shown) against the corresponding
ARCTAS data also shows a significant under-estimation in April. This suggests that
transport of CH2O and its precursors into the region from e.g. Northern Europe is too
low (e.g., Williams et al., 2013). On the other hand, Olson et al. (2012) also showed
that constraining H2O2 mixing ratios by using observations results in a significant over-5

estimation in HO2 mixing ratios. To resolve this HO2 uptake on aerosol was included
using values from Thornton et al. (2008), although failed to fully resolve this positive
bias.

In summary, the springtime evaluation does not prove conclusive with respect to the
impact of the heterogeneous uptake of HO2, with AER-S-CLD still showing an under-10

estimate in CO. This suggests that it is unlikely that a missing sink term for HO2 is the
main reason of the NH low bias in CO which occurs at these high northern latitudes, but
rather missing chemical precursors either directly emitted or transported in the region.

Figure 6 shows that for the summer months of June and July there is a relatively
good agreement in the tropospheric distribution in all trace species shown, with biases15

generally below 10 %, with the exception of H2O2. Given that photochemical produc-
tion governs HO2, shows that the modified band approach (Williams et al., 2006) as
applied in C-IFS is able to model Arctic photochemistry rather well. Biases in the lower
troposphere are linked to fresh fire plumes (Hornbrook et al., 2011), which reflect un-
certainties in the assumed fire emissions from GFAS. The differences between the20

various runs for O3 and CH2O are rather negligible while for HO2 (and OH, not shown)
the three model runs show differences within the ∼ 30 % uncertainty range associated
with the measurements. CO concentrations increase by up to ∼ 6 % in run AER-S-CLD
compared to BASE, improving against the observations at altitudes above 700 hPa that
are less affected by local emission sources.25

Analysing the HO2 comparison more closely shows that there is a decrease of
∼ 10 % in the model around 900 hPa which is directly related to loss on aerosol sur-
faces (c.f. BASE and AER). This is further enhanced by an additional ∼ 20 % when
introducing additional loss on ice particles. At higher altitudes (∼ 700 hPa) uptake on
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ice particles (c.f. AER-CLD vs. AER) dominates, resulting in a sink term as efficient
as on aerosol surfaces. Comparing AER-S-CLD vs. AER-CLD shows a maximal ef-
fect at ∼ 900 hPa, confirming that loss on tropospheric aerosol is most important for
the boundary layer at such high latitudes. There still exists a significant underestima-
tion in the modeled HO2 profile especially in the boundary layer, most likely related to5

uncertainties in the modeling of fresh fire plumes.
For CH2O in the lower atmosphere during summertime, C-IFS captures the correct

vertical distribution in the free troposphere, showing that transport of air from other
regions is modeled rather well. This is in sharp contrast to what was shown for April,
and may point to the fact that there are strong seasonal cycles in precursor emissions10

related to biogenic activity (Williams et al., 2013) which would partly explain seasonal
differences.

Again, these comparisons prove inconclusive towards which of the assumptions re-
lated to heterogeneous HO2 uptake are the most plausible, but they show that for the
current model setup a larger degree of heterogeneous uptake is not needed to match15

observed HOx distributions in the Arctic. In the current evaluation this would actually
lead to a degradation of the model performance, especially in AER-S-CLD. It should
be noted that the photochemistry in the Arctic is challenging and may not be repre-
sentative on a global scale, due to its particular meteorological circumstances and its
relatively small areal contribution to the global chemistry budget.20

3.4 Evaluation of tropospheric ozone

Table 6 provides an assessment of the tropospheric O3 budget for the year 2008 as
calculated in C-IFS for all four simulations. The associated zonal loss of HO2 by het-
erogeneous uptake on aerosol and cloud surfaces vs. a selection of homogeneous
loss terms in the gas-phase is presented in Table 7. For these global chemical bud-25

gets terms the tropopause is defined as the annual, zonal mean altitude where the
mixing ratio of O3 is less than150 ppb (Stevenson et al., 2006). Uncertainties in the
global chemistry budget terms due to the definition of the tropopause are assumed to
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be small, i.e. of the order of ∼ 20 Tgyr−1, based on offline budget computations of TM5
(Huijnen et al., 2010).

Accounting for a constant, but relatively small loss of HO2 on cloud and aerosol
surfaces (run AER-CLD vs. BASE) results in a decrease in the tropospheric O3 pro-
duction term by 179 Tg O3 yr−1 (∼ 4.2 %), which is directly related to the decrease in5

NO2 regeneration through the oxidation of NO by HO2. The increased uptake efficiency
in AER-S-CLD enhances the net decrease in O3 production by ∼ 6.2 % compared to
BASE. The effects of the lower production terms on the tropospheric burden of O3 are
mitigated by a simultaneous reduction in the total amount of O3 lost by reaction with
both OH and HO2, resulting in only a marginal net increase in the total tropospheric10

O3 burden. There is an associated increase in the tropospheric lifetime of O3 of up to
∼ 6 % in run AER-S-CLD (see Table 6). These modest changes imply that, at global
scale, the average differences in O3 are rather small, although locally differences can
be larger, as discussed below.

When integrated over the entire year the subsequent perturbation in the oxidative15

capacity of the troposphere does result in appreciable changes in the lifetimes of the
more long-lived trace gas species, as shown by the increase in the tropospheric lifetime
of CH4 by up to ∼ 0.54 yr (or ∼ 6.1 %), depending on the assumed uptake efficiency.

Comparing the individual heterogeneous loss terms for HO2 (Table 7) shows that
when assuming an equal uptake efficiency for cloud droplets and aerosol as in AER-20

CLD, the dominant contribution towards the heterogeneous sink term for HO2 (∼ 70 %)
is due to loss on cloud droplets as a result of the large SAD and the distribution in
both hemispheres, with loss on aerosol surfaces contributing ∼ 30 %. Even though the
aerosol SAD is much smaller than cloud droplet SAD (see Fig. 2) the contribution to
the total HO2 uptake is still ∼ 30 %, which can be explained as high aerosol loadings25

appear co-located with high concentrations of HO2. For AER-S-CLD the HO2 loss by
aerosol uptake increases to ∼ 47 % of the total uptake, which should be considered as
an upper limit of the expected impact. The total uptake on cloud and aerosol is ∼ 30–
50 % of the HO2 loss related to the O3 production from NOx recycling (c.f. AER-CLD
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and AER-S-CLD). Furthermore, the magnitude of HO2 uptake on cloud and aerosol
appears largely additive, which indicates that these processes do not compete due to
the vertical distribution of the different surface types.

Table 8 presents a zonal breakdown of the O3 production and loss budget terms
for the NH (30–90◦ N), tropics (30◦ S–30◦ N) and SH (30–90◦ S), which indicates that5

in absolute terms the impact of HO2 uptake on aerosol and cloud on the O3 budget
is largest in the tropical region, where HO2 concentrations are maximal. Nevertheless,
the relative decrease of the annual mean chemical O3 production in the runs with HO2
uptake remains larger over the extra-tropical SH and NH compared to the tropics. This
is because the relative contribution of HO2 uptake on aerosol and/or cloud, compared10

to the total HO2 chemical budget, is smaller in the tropics than in the extra-tropics, and,
consequently, the relative decrease of the O3 production term from NOx recycling is
lower in the tropics (Mao et al., 2013).

The relative decrease in the integrated chemical production and loss terms for tropo-
spheric O3 in the runs is generally larger for the NH extra-tropics as compared to the15

SH extra-tropics, related to higher aerosol concentrations. The maximum decrease in
O3 production by up to ∼ 10 % is found for run AER-S-CLD over the NH extra-tropics
(cf. Fig. 5).

Figure 7 shows the annual average relative differences in the zonal mean values
of tropospheric O3 and CO between the runs AER, AER-CLD and AER-S-CLD with20

respect to BASE for 2008. While the zonal and annual integrated tropospheric O3 pro-
duction and loss terms decrease by similar absolute amounts, locally this is not the
case, leading to changes in the spatial distribution of O3. For example, over the north-
ern mid-latitudes the zonal mean O3 mixing ratios decrease on average by up to ∼ 4 %
in run AER-S-CLD, and are approximately localized near the regions which exhibit high25

NOx emissions. Also during the NH winter season, with a relatively large abundance
of NO, this results in lower net O3 production, while O3 effectively increases during the
NH summer period by up to ∼ 6 % at high northern latitudes. For the SH, O3 increases
for all seasons over the remote regions, e.g., up to ∼ 6 % over Antarctica.
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In Fig. 8 we evaluate co-located vertical O3 profiles from BASE and AER-S-CLD
against annual composites assembled from ozone sonde profiles for selected WOUDC
stations (see Sect 2.3 for further details). To aid clarity we limit the comparisons to
BASE and AER-S-CLD only, where the other simulations lie in between these two
extremes. This evaluation indicates that the modeled O3 concentrations over the NH5

stations Tateno and Hohenpeissenberg decrease by a few percent in the lower tropo-
sphere, while the opposite holds for the Antarctic station Neumayer. These changes are
representative for the evaluation against all WOUDC stations (see discussion for ARC-
TAS comparisons, Sect 3.3), and imply a slight improvement compared to the BASE
run. The annual mean bias of the four runs in the altitude range of 750–400 hPa for10

these stations is always below 5 ppb, which holds for the majority of available WOUDC
ozone sonde stations (not shown).

3.5 Evaluation of tropospheric CO

The changes in the global HOx budget result in a decrease in the global oxidative ca-
pacity and associated increases in the lifetimes of abundant trace gas species such15

as CH4 (Table 6). The corresponding changes in the tropospheric CO budget are pre-
sented in Table 9. Comparing values between runs shows that the tropospheric CO
lifetime increases from ∼ 2 % (AER) to ∼ 9 % (AER-S-CLD) due to less chemical loss
of CO when there is enhanced heterogeneous scavenging of HO2. The associated in-
crease in the tropospheric burden is between ∼ 2 % (AER) and ∼ 7 % (AER-S-CLD).20

Therefore the effects are not directly linear to the total global SAD. Figure 7 shows that
the largest relative increase in the CO burden occurs outside the tropics in the mid-
latitudes, in line with the regional changes in the O3 budget as presented in Table 8. In
line with the O3 analysis, the changes in the CO budget due to uptake on aerosol are
of similar order of magnitude as uptake on cloud.25

To assess the regional differences introduced in various remote regions we compare
the simulations with observations of the GMD monitoring network in Fig. 9. The data
are averaged on a monthly basis for days where there are available measurements.
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In general, accounting for HO2 loss improves the bias of C-IFS over the NH, which is
consistent with evaluation against ARCTAS data (Sect 3.3). For instance, the annual
mean bias at Alert station is reduced from −19 ppb (BASE) to −10 ppb (AER-S-CLD).
Nevertheless, even when adopting the high end of possible HO2 uptake efficiencies
as in run AER-S-CLD, a bias with respect to the observations remains at these high5

northern latitudes.
A mixed picture occurs over the tropics, where C-IFS overestimates mean mixing

ratios between June to August at Samoa in BASE. This means that the modest in-
crease in the tropospheric burden further degrades the comparison. For other tropical
stations, such as Tenerife and Ascension Island, there is an improvement of the bias10

for AER-S-CLD. Considering the low regional emissions the overestimation at Samoa
is likely caused by an increase in the amount of CO which is transported into the region
from biomass burning and/or biogenic sources, combined with an increase in the local
lifetime. A similar pattern is seen at Syowa on Antarctica, where the annual mean bias
increases from 6 ppb (BASE) to 11 ppb (AER-S-CLD). The increase in CO concentra-15

tions over the SH in AER-S-CLD compared with AER-CLD is smaller than over the
NH, suggesting that varying uptake efficiencies on different aerosol types could help to
explain local biases, although further experimental studies related to this are needed to
justify the application of such variations in global CTMs. Nevertheless, there is a gen-
eral increase in bias over the SH, which constrains a realistic efficiency of HO2 uptake20

on clouds and aerosol on a global scale. This is different to a previous global model-
ing study by Mao et al. (2013), which has predominantly focused on the improvements
which occur in the NH, and especially the high northern latitudes, which are addition-
ally sensitive to uncertainties in anthropogenic emission estimates (e.g., Stein et al.,
2014).25

In order to investigate the impact in the middle troposphere and analyze regional
biases we present the global distribution of CO in AER-S-CLD against MOPITT-V6
multispectral TIR/NIR retrievals in Fig. 10, where the details of the measurements are
described in Sect. 2.3. This figure illustrates the spatial distribution of CO in C-IFS and
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can be used to further examine origins of prevailing CO biases. The NH boreal winter
bias observed at the surface (cf. Fig. 8) remains visible in April agreeing with the find-
ings shown for the ARCTAS data (Fig. 5). This bias is highest over the Eastern US,
the Eurasian continent and, especially, eastern China. The latter is possibly related
to biases in (anthropogenic) emissions (e.g., Miyazaki et al., 2012). Over the tropics,5

high biases are especially visible over Indonesia (April) and the western part of South
America (August). This may be related to uncertainties in the isoprene emissions and
chemical degradation, further enhanced with potential biases in the GFAS emissions.
The annual and global mean total columns of CO for the other runs are on average
lower by up to ∼ 8×1016 molec cm−2 (BASE), i.e., AER-S-CLD features the lowest10

negative bias over the NH, whereas BASE provides the best correlation at other loca-
tions. As the lifetime of CO is ∼ 50 days the spatial distribution of the biases is very
similar between the runs.

4 Further discussion

The predominant uncertainties associated with are the parameterizations for calculat-15

ing the distribution and magnitude of cloud and aerosol SAD, and, more importantly,
the respective values adopted for describing efficiency of the heterogeneous uptake.

The magnitude of uptake on cloud droplets scales linearly with the available cloud
SAD, which in turn depends on cloud properties such as the effective cloud radius
(re, cloud). Our parameterization for re, cloud assumes a linear relationship with respect to20

the liquid water path (Fouquart et al., 1990), hence taking into account that re, cloud may
exhibit an increase towards the cloud top (Martin et al., 1994). Here we refrain from
a systematic evaluation of the cloud SAD due to the difficulty in obtaining accurate
global distributions throughout the troposphere. However, the distribution of re, cloud val-
ues seems plausible, being ∼ 10 µm over the tropics and the SH storm tracks, decreas-25

ing to ∼ 6 µm towards the northern latitudes where there are more cloud condensation
nuclei available. This appears within the range of SEVIRI observations, such as those
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reported in Greuell et al. (2011). Assuming a reasonable cloud representation in the
model (Forbes et al., 2011), furthermore initialized by using assimilated meteorology
on a daily basis, does place some constraints on the uncertainty in liquid and ice cloud
SAD on a global scale.

The uncertainties associated with the aerosol SAD are strongly dependant on the un-5

derlying aerosol concentrations and size distributions which are defined in the aerosol
scheme. With respect to sea salt aerosol we note that persistent high biases have been
reported in an assessment of the MACC reanalysis product (Eskes et al., 2013). This is
most clearly observed for sea salt over the SH storm tracks, where an over-estimation
of ∼ 100 % is possible over the SH oceans. If true, this would decrease the impact of10

aerosol SAD over the SH, thus potentially lowering the positive bias in CO shown in
Fig. 8 at Antarctic stations. Nevertheless, the uptake on cloud droplets still remains
the dominating term here. For other regions over the globe persistent biases of the
MACC reanalysis aerosol distributions exist, including a potential high bias in aerosol
SAD over the Arctic when compared to Olson et al. (2012), suggesting that the actual15

HO2 uptake on aerosol may be lower than found in our results. Also possible errors
in the speciation and vertical distribution of the aerosol loading are not corrected for
by the data assimilation system, which could be the cause of the relatively large en-
hancement of HO2 uptake on SO2−

4 , BC and NO−
3 aerosol over the SH. However, we

do have confidence that the MACC reanalysis is able to capture occurrences of high20

aerosol loadings, as constrained by the MODIS observations of AOD. These strong
aerosol signals originate from anthropogenic pollution, desert dust and biomass burn-
ing events, and act as the most significant sources of global aerosol SAD. The biases
from these sources are generally of the order ∼ 10–20 % on an annual and global mean
basis, although for individual events biases can be significantly larger. Uncertainties in25

the parameterization of the effective aerosol particle radius and hygroscopic growth
are probably more significant and can add to an additional uncertainty of ∼ 30 % to the
aerosol SAD.
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Nevertheless, the largest uncertainty is still related to the assumptions regarding the
actual value of γ(HO2) upon any one type of heterogeneous aerosol surface due to
the diverse nature associated with the composition of aerosols. Based on observa-
tional evidence, values for different aerosol types can range from < 0.01 on ammonium
sulphate aerosol at room temperature (Mozurkewich et al., 1987), to 0.4–0.7 on an-5

thropogenic aerosol containing TMI (Taketani et al., 2012; Liang et al., 2013). As of yet
it remains unclear to what extent TMI contribute to the total aerosol mass and how they
modify the efficiency of HO2 uptake across the range of pH and chemical composition
contained in aerosol particles. The speciation contained in both deliquescent aerosols
and dilute solution alters its reactivity towards the reaction efficiency with aquated HOx10

radicals, where e.g. iron rarely exists in its fully aquated form in the presence of other
solutes with attach themselves as ligands to the TMI (Tilgner et al., 2005).

As pointed out in Mao et al. (2013) and Liang et al. (2013), whether or not the loss at
the surface reaction produces additional gas-phase precursors is essential to assess
the effect of this heterogeneous reaction, as by assuming H2O2 is not formed, the HO215

uptake is essentially a first-order loss term in the global HOx budget. However, previous
measurements have shown that in more dilute solution reactions in the aqueous phase
can act as global sources of H2O2 which questions this assumption (Zuo and Hoigne,
1993).

Assuming a global constant value for γ(HO2) of 0.06 for aerosol and liquid cloud, as20

done in this study, is chosen as a lower limit so as not to exaggerate global effects.
Given that the uptake value on cloud droplets is based on few studies, and that any
loss on cloud is important at global scale, implies that further laboratory studies should
be conducted to see if more modern detection techniques can corroborate this low
uptake value. The run with γ(HO2) of 0.7 on a limited set of aerosol types shows the25

high end of the range of possible uptake efficiencies. However, although this γ(HO2)
was selected from the literature based on observational studies (Taketani et al., 2012;
Liang et al., 2013), this enhanced uptake value is probably too high to be applied across
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specific aerosol types under all chemical regimes (e.g. McNeill et al., 2006), suggesting
localized variability in the γ(HO2).

Following the same line of argumentation, the uptake of HO2 in clouds has been
observed by Commane et al. (2010) and is has also been considered in comprehensive
aqueous phase chemistry modeling studies (e.g., Williams et al., 2002; Tilgner et al.,5

2005), although its efficiency on global scale still remains highly uncertain. Having
a conservative value for γ(HO2) on liquid clouds also prevents from an over-estimation
of the HOx loss due to subgrid-scale effects in grid cells that are only partly filled with
clouds (Jacob, 2000).

5 Conclusions10

In this study we quantify the importance of the heterogeneous scavenging of HO2 on
aerosol relative to that on cloud droplet and ice particle surfaces and evaluate the im-
pact on the global oxidative capacity. For this purpose we use C-IFS, where the mod-
ified CB05 mechanism has been introduced to model tropospheric chemistry within
ECMWF’s data assimilation and Integrated Forecast System. While meteorology is15

constrained by operational analyses, aerosol concentrations are initialized daily from
the MACC reanalysis using MODIS observations of AOD, which puts constrains on the
total aerosol column, but not its composition.

In this study we assume a conservative, globally constant value γ(HO2) of 0.06 for
aerosol and liquid cloud, which can be considered a lower limit. Considering that no20

consensus has yet reached on observational evidence of HO2 uptake on different types
of aerosol and cloud, there is growing evidence of enhanced uptake on anthropogenic
aerosol. Thus we have included a simulation with γ(HO2) of 0.7 on aerosol types asso-
ciated with anthropogenic sources (SO2−

4 , NO−
3 , BC), which is estimated as a reason-

able upper limit constrained by observations.25

We show that the maximum cloud SAD is typically an order of magnitude larger than
that for aerosol SAD, while the spatial distribution is different. Aerosol SAD is largest

8601

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 8575–8632, 2014

Global impacts of
HO2 loss on cloud

and aerosol

V. Huijnen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

near the surface close to its emission sources, which collocates with the regions where
most HO2 is present. Cloud SAD maximizes at ∼ 800 hPa over the mid-latitude storm
tracks and in tropical convective systems. We quantify the contribution of cloud uptake
as much as ∼ 53–70 % of the total uptake, depending on the assumptions regarding
γ(HO2), due to the ubiquitous presence of cloud droplets. Although the spatial distri-5

bution is different, it implies that HO2 uptake on cloud is complementary to aerosol
uptake and may not be neglected in chemistry transport models which otherwise in-
clude aerosol uptake.

When adopting this approach our simulations suggest that the zonal mean values
for HO2 are reduced by up to ∼ 25 % within the tropics, where in absolute terms most10

HO2 uptake takes place, and by up to ∼ 40 % in the extra-tropics, where the HO2 up-
take is relatively more important to the HOx budget. Applying enhanced uptake on
anthropogenic aerosol leads to a general reduction of HO2 which is largest over the
extra-tropical Northern Hemisphere by up to 50 % compared to the base run without
HO2 uptake, maximizing over the highly polluted East Asian region.15

A comparison against ARCTAS flight data over the Arctic shows that HO2 mixing
ratios are decreased by up to ∼ 30 %. This leads to a negative bias during April and
June–July 2008, although the simulations remain within the uncertainty range of aircraft
observations. The negative bias in HO2 can, in part, be explained by local biases in
modeled H2O2 and other HO2 precursor trace gases. Despite these limitations the20

evaluation against ARCTAS campaign is valuable as it provides a critical benchmark of
the model performance in terms of HO2 and its precursors.

On average O3 concentration changes are within a few percent, depending on sea-
son and region, with the largest changes over polluted regions (decreases up to 4 %)
and high latitudes (increases up to ∼ 6 %). The O3 overall tropospheric production and25

loss budgets decrease by up to ∼ 6 %. The CH4 lifetime increases by a similar amount
towards 9.4 yr. The decrease in oxidative capacity leads to a global increase of CO
burden of up to ∼ 7 %, where the largest changes are again found outside the tropics.
This increase implies an improvement against CO observations over the NH, although
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it does not fully resolve the NH wintertime bias. At the same time it increases the high
bias over the SH. This constraints the assumptions regarding HO2 uptake on a global
scale. Nevertheless, we show that the use of higher values for γ(HO2) on selective
aerosol components prevailing over the NH could contribute to reductions in local bi-
ases. Biases in tropospheric O3 against WOUDC sonde observations are slightly im-5

proved and remain generally below 5 ppbv.
Model biases in CH2O and higher hydrocarbons during April 2008 over the Arctic

indicate missing emission sources, which could contribute to the general bias in model
CO. Also an evaluation against MOPITT-v6 CO total columns highlight other possible
model deficiencies at various regions over the globe, that may contribute to the general10

biases, e.g. uncertainties in isoprene emissions and chemistry, and uncertainties in
anthropogenic emissions over various regions.

Despite the apparent importance of HO2 heterogeneous chemistry on both clouds
and aerosol, large uncertainties remain in many aspects of this modeling approach,
including the parameterization of cloud SAD, the actual aerosol composition and its as-15

sociated SAD, and their respective interactions to trace gases through heterogeneous
chemistry. To improve these modeling components, observational evidence is needed
regarding the specification of such heterogeneous chemistry on prevailing aerosol and
cloud types.

Also an improved description of the modeled aerosol composition can lead to better20

constraints on the impact of heterogeneous chemistry on tropospheric composition,
and hence lead to improvements of the analysis and forecast of atmospheric composi-
tion in C-IFS.
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Table 1. The dry density and the effective radii of aerosol particles at 0 and 70 % RH for the
various aerosol particles included in the C-IFS.

Aerosol type ρ [gcm−3] re [µm] re [µm]
RH= 0 % RH= 0 % RH= 70 %

Sulfate 1.7 0.18 0.25
Nitrate, Ammoniuma 1.7 0.2 0.27
Black carbon, (hydrophilic)b 1.0 0.04 0.04
Organic matter, (hydrophilic)b 1.8 0.13 0.18

Sea salt
0.03–0.5 µm 2.2 0.1 0.18
0.5–5.0 µm 2.2 0.7 1.26
5.0–20 µm 2.2 8 14.4

Desert dust
0.03–0.55 µm 2.5 0.051 0.051
0.55–0.9 µm 2.5 0.81 0.81
0.9–20 µm 2.5 18 18

aNO3− and NH+
4 are included for the computation of heterogeneous reactions, but not

for AOD.
bFor hydrophobic black carbon and organic matter the same aerosol properties are
assumed as for the hydrophilic types, except that they don’t take up water.

8614

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 8575–8632, 2014

Global impacts of
HO2 loss on cloud

and aerosol

V. Huijnen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Extension of the reaction pathways for C3H6 and C3H8 oxidation, and modification of
the isoprene oxidation reaction as adopted in this study, compared to that described in Williams
et al. (2013).

CH3O2 +CH3O2 1.37×HCHO+0.74×HO2 +0.63×CH3OH 9.5×10−14 ×exp(390/T )
C3H8 +OH IC3H7O2 7.6×10−12 ×exp(−585/T )
IC3H7O2 +NO 0.82CH3COCH3 +HO2 +0.27ALD2+NO2 4.2×1012 ×exp(180/T )
IC3H7O2 +HO2 ROOH 7.5×1013 ×exp(700/T )
C3H6 +OH HYPROPO2 k0 = 8.0×10−27 × (−300/T )3.5

k∞ = 3.0×10−11

HYPROPO2+NO ALD2+HCHO+HO2 +NO2 4.2×1012 ×exp(180/T )
HYPROPO2+HO2 ROOH 7.5×1013 ×exp(700/T )
C5H8 +OH 0.7XO2 +0.088XO2N+0.629CH2O+0.5HO2 +0.4ISPD 2.7×1011 ×exp(390/T )
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Table 3. Gas-phase emission totals for the year 2008 as applied in the C-IFS. Units are in Tg
species yr−1 unless otherwise indicated.

Species Anthro Bio BMB

CO 612 96 325
NOx (Tg N) 32.8 5.0 4.3
CH2O 3.4 4.0 4.9
CH3OH 2.2 159 8.5
C2H6 3.4 1.1 2.3
C2H5OH 3.1 0 0
C2H4 7.7 18.0 4.3
C3H8 4.0 1.3 1.2
C3H6 3.5 7.6 2.5
PAR (Tg C) 30.9 18.1 1.7
OLE (Tg C) 2.4 0.0 0.7
ALD2 (Tg C) 1.1 6.1 2.17
CH3COCH3 1.3 28.5 2.4
Isoprene 0 523 0
Terpenes 0 97 0
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Table 4. The uptake coefficients applied for N2O5 on the various heterogeneous surfaces.

Surface type γ Reference

SS, OM, SO2−
4 , NO−

3 , NH4 0.02 Macintyre and Evans (2010)
DD, BC 0.01 Tang et al. (2010)
Liquid cloud 2.7×10−5 exp(1800/T ) IUPAC
Ice cloud 0.02 Hanson and Ravishankara (1991)

8617

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/8575/2014/acpd-14-8575-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 8575–8632, 2014

Global impacts of
HO2 loss on cloud

and aerosol

V. Huijnen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 5. The uptake coefficients used for the heterogeneous scavenging of HO2 onto various
types of particle surface.

Surface type γ Reference

SS, DD, OM∗ 0.06 Abbatt et al. (2012)
SO2−

4 , NO−
3 , BC∗ 0.7 Taketani et al. (2012); Liang et al. (2013)

Liquid cloud 0.06 Kolb et al. (2010)
Ice cloud 0.025 Cooper and Abbatt (1996)

∗Note that for sensitivity run “AER” all aerosol, including SO2−
4 , NO−

3 and BC, apply
a γ(HO2) = 0.06.
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Table 6. The tropospheric O3 budget for 2008 (production, loss, deposition, stratospheric in-
flow), tropospheric burden, lifetime (τO3

) and associated methane lifetime (τCH4
) for the four

runs. Units are given in TgO3 yr−1 and Tg O3, respectively, where τO3
is in days and τCH4

given
in years.

P L D S∗
infl BO3

τO3
τCH4

BASE 4494 4227 812 546 367 26.6 8.89
AER 4422 4154 813 546 368 27.1 9.04
AER-CLD 4321 4048 813 540 369 27.8 9.24
AER-S-CLD 4239 3966 810 538 369 28.3 9.43

∗The stratospheric inflow is inferred from the residual of the other terms following
the approach outlined in Stevenson et al. (2006).
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Table 7. The dominant annual global budget terms for HO2 loss in TgHO2 yr−1.

HO2 +Aer HO2 +CLD NO+HO2 O3 +HO2 OH+HO2

BASE N/A N/A 2112 890 491
AER 262 N/A 2059 840 474
AER-CLD 240 539 1975 765 438
AER-S-CLD 463 528 1919 714 422
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Table 8. Selected annual zonal mean O3 chemical production and loss budget for the SH (90–
30◦ S), tropics (30◦ S–30◦ N) and NH (30–90◦ N) in TgO3 yr−1 for run BASE, and percentual
changes for the three sensitivity runs with respect to BASE.

O3-P SH/Tr/NH O3-L SH/Tr/NH

BASE (Tg yr−1) 287/3152/1054 283/3113/1025
AER (%) −1.4/−1.2/−2.8 −1.6/−1.3/−3.5
AER-CLD (%) −4.2/−2.8/−6.8 −5.2/−3.2/−8.3
AER-S-CLD (%) −7.4/−4.0/−10.2 −8.7/−4.4/−12.4
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Table 9. The tropospheric CO budget (emission, chemical production and loss, dry deposition),
burden and lifetime. Units are in TgCOyr−1 and Tg CO, respectively. CO lifetime in days.

Emis P L D BCO τco

BASE 1036 1503 2395 123 355 51.7
AER 1036 1490 2381 124 362 52.8
CLD-AER 1036 1473 2361 126 370 54.5
CLD-S-AER 1036 1457 2344 128 379 56.1
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Fig. 1. The geo-location of the ARCTAS flights selected for April (blue) and for June–July (red)
used for comparisons with C-IFS trace gas distribution. Only flights North of 45◦ N are used for
the validation of the C-IFS.
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 1 

Figure 2. The zonal, monthly mean distribution of cloud droplet SAD (left), cloud ice SAD 2 

(middle) and total aerosol SAD (right) in April 2008. For better intercomparison of the 3 

relative magnitudes, the liquid and ice cloud SAD the values are presented here as grid-cell 4 

averages, as done for the aerosol SAD. Note the different color scale. 5 

6 

Fig. 2. The zonal, monthly mean distribution of cloud droplet SAD (left), cloud ice SAD (middle)
and total aerosol SAD (right) in April 2008. For better intercomparison of the relative magni-
tudes, the liquid and ice cloud SAD the values are presented here as grid-cell averages, as
done for the aerosol SAD. Note the different color scale.
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 1 

Figure 3. Monthly mean cloud droplet SAD (left), ice (middle) and aerosol SAD (right) at 2 

800hPa during April 2008. 3 

4 

Fig. 3. Monthly mean cloud droplet SAD (left), ice (middle) and aerosol SAD (right) at 800 hPa
during April 2008.
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 2 

Figure 4. The annual average distribution of global tropospheric HO2 in 2008 for BASE (left 3 

panels) along with the relative percentual change for runs AER and AER-CLD at 800hPa (top 4 

panels). The corresponding zonal mean distributions are shown in the lower panels.  5 

6 

Fig. 4. The annual average distribution of global tropospheric HO2 in 2008 for BASE (left pan-
els) along with the relative percentual change for runs AER and AER-CLD at 800 hPa (top
panels). The corresponding zonal mean distributions are shown in the lower panels.
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 1 

Figure 5. The relative percentual change of global annual mean tropospheric HO2 in 2008 for 2 

run AER-S-CLD with respect to run AER-CLD at 800hPa (left panel) and for the zonal mean 3 

(right panel).  4 

5 

Fig. 5. The relative percentual change of global annual mean tropospheric HO2 in 2008 for run
AER-S-CLD with respect to run AER-CLD at 800 hPa (left panel) and for the zonal mean (right
panel).
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 2 

Figure 6. Evaluation of the mean vertical tropospheric distribution of CO, O3, HO2, CH2O and 3 

H2O2 at high northern latitudes in the C-IFS during 2008. Profiles from all model simulations 4 

are made against median ARCTAS data for April (top row) and June-July (bottom row). 5 

Dashed lines indicate the 5 and 95 percentile of the mixing ratios due to temporal and spatial 6 

variations (only shown for the observations and run AER-S-CLD). 7 

8 

Fig. 6. Evaluation of the mean vertical tropospheric distribution of CO, O3, HO2, CH2O and
H2O2 at high northern latitudes in the C-IFS during 2008. Profiles from all model simulations
are made against median ARCTAS data for April (top row) and June–July (bottom row). Dashed
lines indicate the 5 and 95 percentile of the mixing ratios due to temporal and spatial variations
(only shown for the observations and run AER-S-CLD).
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 2 

Figure 7. The annual percentual zonal mean differences in O3 (top) and CO (bottom) mixing 3 

ratios in 2008 for runs AER (left), AER-CLD (middle) and AER-S-CLD (right), compared to 4 

BASE. 5 

6 

Fig. 7. The annual percentual zonal mean differences in O3 (top) and CO (bottom) mixing ratios
in 2008 for runs AER (left), AER-CLD (middle) and AER-S-CLD (right), compared to BASE.
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 1 

Figure 8. Annual mean vertical profiles of tropospheric O3 mixing ratios from C-IFS 2 

evaluated against sonde observations from (left to right) Tateno, Hohenpeissenberg, Nairobi 3 

and Neumayer. For clarity only results from BASE and AER-S-CLD are shown. 4 

5 

Fig. 8. Annual mean vertical profiles of tropospheric O3 mixing ratios from C-IFS evaluated
against sonde observations from (left to right) Tateno, Hohenpeissenberg, Nairobi and Neu-
mayer. For clarity only results from BASE and AER-S-CLD are shown.
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Figure 9. An evaluation of surface CO mixing ratios in C-IFS against a selection of GMD 3 

observations. Error bars (only shown for the observations and AER-S-CLD) denote the 4 

monthly mean standard deviation in models and observations. Also given is the annual mean 5 

bias.  6 

7 

Fig. 9. An evaluation of surface CO mixing ratios in C-IFS against a selection of GMD observa-
tions. Error bars (only shown for the observations and AER-S-CLD) denote the monthly mean
standard deviation in models and observations. Also given is the annual mean bias.
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Figure 10. Monthly mean composites of MOPITT-v6 CO total columns for April (top left) 3 

and August (bottom left) 2008. The associated bias when compared to AER-S-CLD is shown 4 

in the right panels. 5 

 6 

Fig. 10. Monthly mean composites of MOPITT-v6 CO total columns for April (top left) and
August (bottom left) 2008. The associated bias when compared to AER-S-CLD is shown in the
right panels.
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