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The relevance of halogen chemistry for the stratosphere 
– especially ozone destruction – is very well known, but 
reactive halogens play a role in tropospheric chemistry 
as well. The sources for reactive halogens in the 
troposphere are largely natural, 
to a large extent connected to 
the presence of halogens in 
ocean water (see Figure 1 for an 
overview). Recently a number 
of exciting measurements of 
reactive halogen compounds 
have been reported from a 
wide range of environmental 
conditions, such as the finding 
of very high concentrations of 
iodine oxide, IO, in the Antarctic 
with a surprising correlation to 
bromine oxide, BrO (Saiz-Lopez 
et al., 2007b); the first detection 
of IO from space (Saiz-Lopez 
et al, 2007a); the first detection 
of nitryl chloride (ClNO2) in the 
boundary layer at mixing ratios 
of up to 1 nmol mol-1 in polluted 
air off North America (Osthoff et 
al., 2008); and the discovery of 
the year-round presence of BrO 
and IO at the Cape Verde islands 
(Read et al., 2008b). I discuss 
details of these studies below. Workshops, especially on 
polar regions, as well as tropospheric halogen chemistry 
sessions at EGU and AGU meetings have highlighted an 
increasing interest in this topic, which is also reflected in 
a number of review articles that have been published in 
the last few years. Platt and Hönninger (2003) and von 
Glasow and Crutzen (2007) give a general overview 
of halogens in the troposphere. Sander et al. (2003) 
compiled a very large number of gas and particulate 
phase measurements from the marine boundary layer, 
whereas Simpson et al. (2007) concentrate on recent 
developments in polar regions. Carpenter (2003) focused 
on iodine chemistry, Finlayson-Pitts (2003) on relevant 
laboratory experiments and Atkinson et al. (2007) on a 
compilation of relevant kinetic data to name just a few. 
In the following few sections I will first very briefly 
discuss the key features of the five main domains in 
which halogens play a role in the troposphere – polar 
regions, the marine boundary layer, salt lakes, volcanic 
plumes and the free troposphere. For each domain I will 

list recent developments, covering mainly the last five 
years, and will add a number of open questions that need 
to be addressed in future research.

Polar regions
The first time the consequences of reactive halogen 
chemistry were observed in the troposphere was in the 
Arctic where, during studies of Arctic Haze, sudden and 
drastic ozone depletion events (ODEs) were observed 
(e.g. Oltmans and Komhyr, 1986). Soon these ODEs 
were linked to the presence of bromine compounds 
(Barrie et al. 1988) and Hausmann and Platt (1994) 
identified a key radical, bromine oxide (BrO), using 

Differential Optical Absorption Spectroscopy (DOAS). 
The chemical reaction cycle behind the activation of 
bromide to bromine involves reactions in the gas phase 
as well as uptake to aerosol particles or snow, reactions in 
the condensed phase and release of photolysable bromine 
to the gas phase:
 HOBr    → HOBraq

 HOBraq + Br− + H+  → Br2,aq + H2O
 Br2,aq   → Br2

 Br2 + hν   → 2 Br 
 Br + O3    → BrO + O2

 BrO + HO2   → HOBr + O2

net:  H+ + Br− + HO2 + O3  → Br + H2O + 2O2

Each bromine atom that is taken up by the condensed 
phase as HOBr and released as Br2 (by addition of one 
bromine atom from bromide), leads to an exponential 

Science Features 

Figure 1. Schematic depiction of the main release mechanisms for reactive halogens in the 
troposphere (including some not mentioned in the text).
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increase of the number of bromine compounds in the 
gas phase, which is why this cycle has been termed the 
“bromine explosion” (Platt and Janssen, 1995). Mercury 
depletion events in the Arctic were also related to 
bromine chemistry (Schroeder et al., 1998). These events 
are relevant for Arctic life as the largely inert gaseous 
elemental mercury is converted into bio-available 
mercury. The current knowledge on mercury chemistry 
and its links with halogens in polar regions has been 
reviewed by Steffen et al. (2008).
Satellite pictures (e.g. Wagner and Platt, 1999) have 
shown the very widespread presence of BrO in the lower 
atmosphere in polar spring in both hemispheres. The fact 
that these BrO “clouds” are strongly correlated with the 
occurrence of first-year sea ice has led to the suggestion 
that frost flowers, which are regularly related with first-
year sea ice, might play a role in bromine explosion 
events by providing a supply of bromine (e.g. Kaleschke 
et al., 2004). It has still not unambiguously been shown 
exactly how bromine is released from the obvious source 
of halides, the ocean, to provide enough mass for bromine 
explosions (see Simpson et al., 2007, for a thorough 
discussion of the current state of knowledge) but there 
seems to be a consensus that the following processes 
are key in this chain: Upon freezing of sea water, the 
contained salts get expelled from the ice lattice which 
leads to an increase of salinity underneath and around the 
new sea ice as well as on top of it and in brine channels. 
This brine is highly concentrated, and thermo-dynamical 
processes like preferential precipitation of ions might lead 
to a relative enrichment of bromine and, importantly, to 
a decrease in alkalinity (e.g. Sander et al., 2006, Morin 
et al., 2008), providing better starting conditions for the 
acidity-dependent bromine explosion. One can speculate 
that the following are some of the key processes involved 
in starting a bromine explosion: (i) the production of 
very salty aerosol particles from frost flower fields; (ii) 
a direct release of gaseous bromine from frost flowers 
to the gas phase; and (iii) wind-blown snow soaking up 
brine, for example in frost flower fields, followed by a 
bromine explosion within the snow and release of gaseous 
bromine to the atmosphere. As the snow pack has been 
shown to emit Br2 and BrCl (Foster et al., 2001) and BrO 

shows a strong vertical gradient in the vicinity of snow 
(Avallone et al., 2003), the snow pack is very likely to 
play an important role in this cycle. Certain regions have 
been identified in the Arctic to be key areas for the “birth” 
of ODEs (Bottenheim and Chan, 2006). The lifetime of 
ODEs seems to be several hours to more than a week 
(Strong et al., 2002) but it is important to stress that most 
studies of ODEs are made at a fixed location and that 
very sudden onsets of ODEs are caused by advection of 
an already mature ODE rather than an exceedingly rapid 
formation of an ODE. Piot and von Glasow (2008) tried to 
reproduce an ODE with a one-dimensional model where 
salt aerosol particles from open leads were assumed to be 
the actual source for bromine. They managed to reproduce 
the development of an ODE within 2-4 days but only 
if they included a fairly efficient recycling of deposited 
bromine back from the snow pack to the gas phase to 
maintain high atmospheric bromine levels.
During the Chemistry of the Antarctic Boundary Layer 
and the Interface with Snow (CHABLIS) campaign at 
the British Antarctic Survey station in Halley, year-long 
DOAS measurements were made at this coastal site. The 
measurements showed BrO at mixing ratios of 5 to 20 
pmol mol-1 basically whenever there was sunlight (Saiz-
Lopez et al., 2007a), not only during spring as the satellite 
record suggests. Ship-based measurements showed the 
presence of BrO in regions of first-year sea ice in the 
Antarctic about a month before BrO was detected from 
satellite in that region (Wagner et al., 2007). According 
to Read et al. (2008a) the oxidation of dimethylsulphide 
(DMS) under coastal Antarctic conditions is dominated 
by the reaction of BrO with DMS. They also suggested 
that this leads to a significant increase in the production 
of methane sulphonic acid (MSA).
Another recent and very exciting discovery was the 
detection of tropospheric iodine oxide (IO) both from 
ground (Frieß et al, 2001, Saiz-Lopez et al, 2007a) and 
space-based measurements (Saiz-Lopez et al., 2007b, 
Schönhardt et al., 2008). In the year-round measurements 
at Halley, IO and BrO were present in similar mixing 
ratios and were correlated (Saiz-Lopez et al., 2007a; see 
Figure 2). Only one published study so far showed the 

Figure 2. Annual variation of the halogen 
oxides measured at Halley Station by Saiz-
Lopez et al. (2007b). The 10-day moving 
averages of BrO and IO are indicated by a 
dashed line and a solid line, respectively. 
The maximum IO and BrO mixing ratios 
occurred in spring (October), whereas 
during winter (May to August) the radi-
cals were consistently below the detection 
limit. A second smaller peak in the annual 
halogen mixing ratio cycle may also be 
present during autumn (March to April). 
(From Saiz-Lopez et al. (2007b). Reprint-
ed with permission from AAAS.)
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presence of IO near the surface in the Arctic (Hönninger, 
2002), whereas in other studies IO was either not 
investigated or was below the detection limit; all other 
detections of IO in polar regions have been made in the 
Antarctic. Possible reasons for this might include different 
sea ice thicknesses or different biological communities 
as the iodine precursors are most likely related to the 
enrichment of iodine from the ocean water by (ice) algae. 
Saiz-Lopez and Boxe (2008) suggest a model to explain 
the differences between the two polar regions. 
As already indicated above, the main open questions 
in this field deal with the details of the initial release of 
bromine but also of iodine. An understanding of these 
processes is key for proper modelling of these events on 
a regional or global scale. Due to a lack of understanding 
of the underlying processes, all published model studies 
have so far had to make assumptions regarding important 
steps in the initiation of the bromine explosion. 
A workshop organised by the IGAC-SOLAS task AICI 
(Air-Ice Chemical Interactions) in Grenoble in 2006 
led to a series of review papers that were published in 
a special edition of Atmospheric Chemistry and Physics 
on all aspects of polar snow and ice chemistry; the most 
relevant for halogen chemistry are Simpson et al. (2007), 
Grannas et al. (2007) and Steffen et al. (2008). A number 
of open questions were defined at this workshop and 
detailed in these papers, which provided the motivation 
for an AICI/HitT/SPARC workshop in Cambridge in June 
2008 entitled “Ices and Halogens: Laboratory Studies to 
Improve the Modelling of Field Data” that was organised 
into five sessions: 1. Surface and bulk properties of 
ices and clouds; 2. New experimental approaches to the 
study of ices and aerosols; 3. Halogen activation in the 
atmosphere; 4. Mercury in the cold; 5. Kinetics of the 
cold. Each session was introduced by a tutorial/overview 
presentation followed by three or four talks with sufficient 
time for in-depth discussions. A number of exciting new 
techniques were presented including glancing-angle laser-
induced fluorescence probing for chemical interactions at 
the air-aqueous interface (Donaldson et al), 2D and 3D 
X-ray micro-tomography (Huthwelker, Hutterli et al), 
electrospray mass spectrometry (Hoffmann et al.) and 
X-ray diffraction studies of crystallisation (Murray et 
al.). The need for high quality laboratory experiments to 
provide quantitative data for the interpretation of field 
data and as input for atmospheric models was stressed. 
The idea of using a large “smog chamber”-like facility for 
a “field study in the lab” came up, in order to investigate 
interactions between the gas phase and ice phases (snow, 
quasi-liquid layer (QLL), ice crystals); realisation will 
require an international effort in order to equip the 
chamber with the relevant instrumentation.
The extent of sea ice in summer in the Arctic has been 
dramatically decreasing in the last few decades and 
it might be lost completely by the mid of this century 
(Simpson et al., 2007 and references therein). As the 
bromine release seems to be closely related to first-year 
sea ice, the extent and intensity of the bromine clouds 
can be expected to increase in the future as the ocean will 
continue to freeze during the winter, thereby producing 
an increasingly large area of first-year sea ice. Therefore 

the consequences for the ozone budget and mercury input 
into the Arctic ecosystem due to these processes will 
likely be more important in the future.

Marine boundary layer
For the following discussion, the marine boundary layer 
(MBL) will be divided into three sub-regions: the open 
ocean, coastal regions with extensive sea weeds and 
densely populated coastal regions such as megacities. In 
general one can say that the strongest source of bromine 
and chlorine in the MBL is through the production of 
sea salt aerosol upon bubble bursting, with a smaller 
fraction released from biogenic organic halogens. Iodine 
compounds on the other hand are largely released as 
organic compounds and molecular iodine from micro 
and macro algae that accumulate iodine from the ocean 
water.
Globally, sea salt aerosol is, along with dust, the strongest 
particle source in terms of mass. Most of this mass is 
associated with large particles with sizes on the order of 
micrometres. The lifetime of these particles is relatively 
short (hours to 2 days) but there are three general ways 
to release halogens from sea salt into the gas phase: (i) 
Acid displacement of HCl with H2SO4 or HNO3 (this 
mechanism does not work for HBr or HI). (ii) Reactions on 
the surface of particles that lead to the release of inorganic 
halogens such as that of N2O5 which results in the release 
of ClNO2 and BrNO2 and even Cl2. (iii) Photochemical 
reactions leading to the release of photolysable halogens 
like Br2, BrCl and Cl2. In clean environments only the last 
pathway is relevant. The iodine concentration in sea water 
is very small and marine aerosol acts as a sink rather than 
a source for iodine, as has been known for a long time 
(e.g. Duce et al., 1965). Recent investigations of the 
speciation of particulate iodine showed the presence of 
iodide, I-, and iodate, IO3

-, in varying relative importance 
and also the presence of organic iodine (Baker 2004, 
2005). Model calculations assumed IO3

- to be stable once 
formed in aerosol particles and overestimated its relative 
importance dramatically (Vogt et al., 1999). Baker (2005) 
suggested the reaction of HOI with organic matter in 
particles to produce I-. Model calculations with an updated 
inorganic reaction mechanism and the reaction of HOI 
with organic material were able to reproduce measured 
iodine speciation when the rate coefficient of this reaction 
was assumed to be at least 105 M-1 s-1 (Pechtl et al., 
2007). For further advance in this field it is imperative to 
measure the rate coefficients of these and related aqueous 
phase reactions. Measurements by Gilfedder et al. (2008) 
showed the presence of I- and IO3

- but, interestingly, also 
of organic iodine, in almost all of their aerosol, rain and 
snow samples, which span both hemispheres and many 
climatic zones. 
Model calculations have indicated that the presence of 
0.5-4 pmol mol-1 BrO can significantly impact the O3 and 
sulphur budgets in the MBL (e.g. Sander and Crutzen, 
1996, Vogt et al., 1996, von Glasow et al., 2002a,b). In 
aerosol particles and droplets HOBr and HOCl oxidise 
S(IV) to S(VI) and in the gas phase BrO adds to DMS, 
potentially leading to different oxidation products and 
the predominant growth of existing particles rather than 
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the production of H2SO4 as a precursor 
for new particle formation (von Glasow 
and Crutzen, 2004). Model calculations 
of iodine chemistry in the open ocean also 
showed strong O3 destruction (e.g. Vogt et 
al., 1999). 
Measurements of halogen oxides in the 
open ocean MBL are very difficult and very 
few have been published so far. IO was 
measured on Tenerife and at Cape Grim by 
Allan et al. (2000), and it is very likely that 
this is an open ocean signal (although coastal 
effects cannot entirely be excluded). The 
first time BrO could be measured over the 
ocean was with a passive DOAS instrument 
(i.e. using sunlight as a light source) off 
West Africa (Leser et al., 2003). Recently a 
long-path DOAS instrument was installed 
on the UK-SOLAS observatory on the Cape 
Verde islands. Even though this instrument 
was located on an island, local effects are 
thought to be minimal as, for example, no 
sea weed is present. Very high levels of both 
BrO and IO of typical daytime maxima of 
2.5 and 1.4 pmol mol-1, respectively, were 
measured (see Figure 3), which would 
indicate that ozone photochemistry is 
dominated by halogen chemistry (Read 
et al., 2008b). These mixing ratios are 
consistent with the results of the model predictions cited 
above. It has to be added that the O3 budget is perturbed 
by halogen chemistry not only by its destruction but 
also by halogen induced shifts in the OH:HO2 and 
NO:NO2 ratios that lead to reduced photochemical 
production of O3. If reactive halogen chemistry were 
indeed a widespread phenomenon, our understanding of 
photochemical processes in the clean MBL would have 
to be completely re-assessed. Indirect evidence indeed 
suggests a widespread role of halogen chemistry in the 
clean MBL as so-called sunrise ozone destruction has 
been observed in the West and North Pacific (Nagao et 
al., 1999, Galbally et al., 2000, Watanabe et al., 2005) 
and could be due to bromine chemistry (von Glasow et 
al., 2002a). Furthermore chlorine radical concentrations 
have been estimated to be in the range of 103-105 in the 
MBL (e.g. Wingenter et al. 1996, 1999, Lowe et al. 1999) 
with relevance mainly for the methane budget; in the 
southern hemisphere Cl could account for about 3.3% of 
CH4 destruction (Platt et al., 2004).
Bursts of new particles that were observed at Mace Head 
on the west coast of Ireland (O’Dowd et al., 1998) were 
quickly associated with iodine chemistry due to the 
detection of IO (Alicke et al., 1999). In the last decade 
a number of studies at coasts with appreciable amounts 
of sea weed were performed, with Mace Head, Brittany 
and the Gulf of Maine being the main research locations. 
It now seems to be established that the exposure of sea 
weed at low tide leads to very strong emissions of organic 
iodine but especially of molecular iodine (I2), which has 
a very short photolytic lifetime – on the order of 10-20 
seconds. At night, I2 mixing ratios of several tens of pmol 

mol-1 have been observed at various locations. Iodine 
radicals are produced upon I2 photolysis and these react 
with O3 to produce IO. The formation of higher iodine 
oxides then most likely leads to the formation of clusters 
which grow to nano-particles. IO concentrations are 
highest and particle bursts strongest when low tide and 
high sun coincide. This scenario is based on field studies 
(e.g., O’Dowd et al., 2002, Saiz-Lopez and Plane, 2004; 
Peters et al, 2005, Saiz-Lopez et al., 2006a), laboratory 
experiments (e.g., Jimenez et al., 2003, Burkholder et al., 
2004, McFiggans et al. 2004, Saunders and Plane, 2005) 
and model results (e.g., Saiz-Lopez et al. 2006b, Pechtl et 
al. 2006). Even though a lot of progress has been made, 
many important questions remain. There are still important 
gaps in our knowledge of the kinetics of iodine oxides 
(e.g., Stutz et al., 2007), which hinder further progress in 
modelling, although ongoing laboratory and theoretical 
investigations are helping us to elucidate the mechanisms 
(e.g., Kaltsoyannis and Plane, 2008). The details of new 
particle formation from iodine oxides are also not yet 
resolved. In terms of ozone destruction the relevance 
of these fairly local events of very high iodine loadings 
might be limited, and although there are indications that 
the fine particles produced in these bursts can grow to 
CCN sizes (O’Dowd 2001, O’Dowd et al. 2007), more 
studies are needed to test on what spatial scale this might 
be of relevance, especially when viewed in the context of 
competition with other continental particle sources.
Recent measurements of chlorine compounds off 
the North American coast showed HCl mixing ratios 
exceeding 1nmol mol-1. HCl was mainly displaced by 
HNO3 from sea salt aerosol. Under these conditions 
the reaction of HCl with OH could sustain Cl-atom 

Figure 3. Average diurnal profiles for (a) BrO and (c) IO for the measurements 
by Read et al. (2008b) on the Cape Verde islands. Errors (1 σ) are indicated as 
grey lines. The points show average concentrations seen from 09:00 to 17:00 
UT. (b) and (d) demonstrate seasonal variation in BrO and IO respectively. 
(Reprinted by permission from Macmillan Publishers Ltd: Nature, Read et al., 
copyright 2008).
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concentrations on the order of 104 cm-3 (Keene 
et al., 2007). Model calculations for these 
conditions showed that multiphase cycling of 
chlorine compounds between sulphate and sea 
salt aerosol particles and the gas phase could 
sustain levels of more than 100 pmol mol-1 of 
reactive inorganic chlorine other than HCl for 
several days in continental outflow. At night 
Cl2 levels were predicted to be between 20 
and 80 pmol mol-1 for four nights after the air 
mass left the continent (Pechtl and von Glasow, 
2007). The recirculation to the coast of such an 
air mass, which fairly rapidly acquires marine 
characteristics like low O3 concentrations, could 
be an explanation for the very high Cl2 mixing 
ratios that have been measured in on-shore 
winds by Spicer et al. (1998). 
Osthoff et al. (2008) measured ClNO2 for the 
first time in the atmosphere (see Figure 4). The 
presence of ClNO2 in the polluted MBL in itself 
is not unexpected as laboratory experiments  
have shown the release of ClNO2 from salt-
containing particles upon reaction with N2O5 (e.g. 
Finlayson-Pitts et al., 1989). This reaction occurs on the 
surface of particles and is the likely explanation for the 
surprisingly high mixing ratios of several hundred pmol 
mol-1 and even more than 1 nmol mol-1 of ClNO2 that 
were measured by Osthoff et al. (2008) when they also 
observed very high levels of N2O5. The authors could only 
quantitatively explain these high ClNO2 mixing ratios 
if aerosol particles other than sea salt provide reactive 
surfaces for N2O5. These other particles would contain 
chlorine due to the uptake of HCl that had previously 
been displaced by other acids from sea salt aerosol. In 
recent laboratory studies, Roberts et al. (2008) found the 
production of Cl2 from the heterogeneous reaction of 
N2O5 on chlorine-containing aerosol when the aerosol pH 
was less than 2, with ClNO2 acting as an intermediate. At 
night ClNO2 and Cl2 are stable but they photolyse rapidly 
after sunrise to release Cl radicals, which in turn rapidly 
react with VOC thereby producing peroxy radicals which, 
in the presence of NOx, lead to ozone production. Tanaka 
et al. (2000, 2003) have previously shown evidence for 
chlorine-mediated ozone production in Houston. Model 
calculations by Knipping and Dabdub (2003) showed a 
potential increase in O3 mixing ratios by 12 ppb in the 
Los Angeles basin. As coastal megacities are bound to 
increase both in number and size in the future, chlorine-
mediated ozone production might have to be addressed 
in future air quality strategies for coastal megacities. The 
release of chlorine from sea salt via the surface reactions 
of N2O5 might be very relevant in ship plumes, which 
cover increasingly large regions of the oceans, as they 
provide a “perfect” combination of pollution and sea salt.

Salt lakes 
Salt lakes are an obvious region to expect halogen release 
from salt deposits. Very large BrO mixing ratios of 100-
200 pmol mol-1 have indeed been observed above the 
Dead Sea (e.g. Hebestreit et al., 1999, Matveev et al., 
2001) and smaller values above the Salar de Uyuni in 

Bolivia (Hönninger et al., 2004) and the Great Salt Lake 
in Utah (Stutz et al. 2002). Elevated BrO columns also 
were found from satellite above the Caspian Sea (Wagner 
et al., 2001). Further, Stutz et al. (2002) detected ClO 
over the Great Salt Lake and IO was measured at up to 10 
pmol mol-1 over the Dead Sea by Zingler and Platt (2005). 
The bromine explosion mechanism discussed earlier is 
the likely explanation for the very high bromine levels 
above the Dead Sea. However, recent model calculations 
showed that salt aerosol alone is insufficient to release 
enough bromine rapidly so that either very strong fluxes 
of gaseous bromine from salt deposits, or somewhat 
smaller fluxes from the Dead Sea might be responsible 
for the high bromine levels (Smoydzin, 2008, Smoydzin 
and von Glasow, in prep.). Due to the low pH of the Dead 
Sea (pH=5-6), the bromine explosion mechanism could 
be acting in the Dead Sea water, whereas this would not 
be possible in the ocean (pH≈8.1). 

Volcanoes
Bobrowski et al. (2003) measured the highest atmospheric 
BrO mixing ratios detected so far: In plumes of passively 
degassing volcanoes, the inferred values exceeded 1 nmol 
mol-1. BrO was identified at a number of other volcanoes 
as well (e.g. Oppenheimer et al., 2006, Bobrowski and 
Platt, 2007), as was OClO and ClO (Lee et al., 2005, 
Bobrowski et al., 2007). It has been known for a long 
time that very large amounts of halides are emitted from 
volcanoes but thermodynamical modelling suggests that 
other inorganic halogen compounds are also emitted 
(Gerlach, 2004). Measurements of the BrO:SO2 ratio 
downwind of Mt. Etna showed an increase with time of 
BrO concentrations and a comparison of this data with 
model calculations showed that the bromine explosion 
mechanism is sufficient to explain both the absolute 
amount of bromine as well as the rate of its formation 
(Bobrowski et al., 2007). Again, multiphase chemistry 
is key for these reaction cycles. As mentioned above, 
studies in polar regions have shown that “bromine 
explosion events” were correlated with the sudden 

the vicinity of Houston, Texas (shown in yellow); and (b) the ship track along 
the United States southeast coastline and across the Gulf of Mexico. Measured 
ClNO2 mixing ratios (5 min average) are plotted along the track scaled by size. 
The colour coding differentiates night time (red) from daytime (blue). 

Figure 4. Maps from 
Osthoff et al. (2008) 
showing (a) a detailed view 
of the focused study area in 

IGACtivities 6



decrease in atmospheric mercury and BrO is the “prime 
suspect” (e.g., Steffen et al., 2008). As the BrO levels 
in volcanic plumes are usually much higher than those 
found in polar regions, I hypothesise that the net effect of 
volcanoes on mercury is in fact that of a “scrubber” rather 
than a net source, as the elevated BrO levels might lead to 
oxidation of not only the volcanogenic mercury but also 
of elemental mercury from the background atmosphere. 
This might lead to enhanced mercury deposition in 
regions near volcanoes. For island volcanoes, where the 
deposition of brominated mercury would be into the 
ocean, this might be a net sink for atmospheric mercury. 
Whether the deposited mercury on land is re-released to 
the atmosphere or remains in the ecosystem should be the 
subject of future field work. Quantitative model studies 
of this are in preparation (von Glasow, in prep).
As most volcanoes emit directly into the free troposphere, 
the potential for large scale effects through long-range 
transport and the extended lifetime of halogens through 
multiphase cycling is large. The expected effects include 
O3 depletion and more rapid oxidation of S(IV) and, if 
Cl radical levels are sustained at a high enough level, 
enhanced oxidation of CH4.

Free troposphere
Based on a comparison of ground-based, balloon-borne 
and space-based measurements, the presence of 0.5-2 
pmol mol-1 BrO in the free troposphere was suggested 
(e.g. Van Roozendael et al., 2002). Recent long-term 
ground-based measurements are improving the fidelity 
of these numbers and suggest tropospheric columns of 
BrO of around 1013 molec cm-2, with somewhat lower 
values near the equator (Fietkau et al., 2007, Hendrick 
et al., 2007, Theys et al., 2007). Global model studies of 
tropospheric bromine chemistry indicate that these levels 
are enough to perturb the tropospheric O3 concentrations 
by 5-20% (von Glasow et al., 2004, Yang et al., 2005). 
The sources for bromine in the free troposphere are likely 
to be dominated by the breakdown of natural organic 
bromine gases and bromine released from sea salt (Yang 
et al., 2005), but bromine from volcanoes has to be 
considered as well.

Implications and research needs
Our knowledge about the relevance of halogen chemistry 
in the troposphere has increased dramatically in the last 
decade. The main implications of the presence of reactive 
halogens are a decrease of ozone in most regions but an 
increase in O3 smog in densely populated coastal regions. 
Furthermore the activation of elemental mercury and links 
with the sulphur cycle are of importance. Interestingly, 
the large majority of reactive halogen compounds in the 
troposphere are of natural origin, and basically all reactive 
halogen compounds (RHCs) are related to the presence of 
halides in ocean water. This is true even for halogens in 
volcanic plumes as most of them originate from sea water 
that was, for example, included in subducted sediments.
In order to make continued progress in this field, it 
is imperative to keep developing new measurement 
techniques that provide more information about halogen 
speciation in the gas and aerosol phase. The detection 

limits of these instruments have to be very low. It is 
noteworthy that no instrument has so far been used 
in the field that can detect a key player in the bromine 
explosion events, namely HOBr. There are still important 
gaps in the kinetic information, especially for iodine 
reactions (gas and condensed phase). A more thorough 
list of research needs can be found in the White Paper 
of the SOLAS-IGAC task Halogens in the Troposphere 
(HitT). The primary objective of HitT is to determine and 
quantify the importance of reactive halogen compounds in 
tropospheric chemistry and climate forcing. Key themes 
are the influence of RHCs on the oxidative capacity of 
the atmosphere, the ozone budget, as well as on aerosol 
nucleation and growth. HitT tries to bring the scientific 
community together by organizing workshops and 
sessions at international conferences and to encourage 
projects that require international cooperation due to 
the interdisciplinary nature of the topic and complicated 
logistical effort involved in field measurements. More 
details on HitT and a link to the White Paper can be found 
on the webpage (www.HitT-task.net).
This article is based on ACCENT chapter S&I 
Atmospheric Composition Change: Air Quality and 
Health, section 3.3.1 Tropospheric Halogen Chemistry
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Expert Workshop
On the relevance of surface and 
boundary layer processes for 
the exchanges of reactive- and 
greenhouse gases
Wageningen, Netherlands,  
9-12th October, 2007

Contributed by Laurens Ganzeveld Environmental 
Sciences Group, Chair group Earth System Sciences, 
Wageningen University and Research Centre (WUR), 
Netherlands & Max Planck Institute for Chemistry, 
Germany (Laurens.Ganzeveld@wur.nl) Jordi Vilà-Guerau 
de Arellano, Environmental Sciences Group, Chair 
group Meteorology and Air Quality, WUR, Wageningen, 
Netherlands, Cor Jacobs Environmental Sciences Group, 
Alterra, WUR, Wageningen, Netherlands, et al.*

Demanding air quality policies and the established role 
of greenhouse gases, reactive trace gases and aerosols in 
climate and global change have challenged us to assess 
the reliability of our understanding of the physical and 
chemical processes influencing the distribution of these 
atmospheric compounds. In particular, the surface 
and atmospheric boundary layer play a key role in the 
distribution and evolution of atmospheric compounds 
since the majority of sources and sinks are located at or 
near the Earth’s surface, yet many critical boundary layer 
processes are still poorly understood and/or are not well 
represented in models. 
About 40 experts gathered 9-12 October, 2007 in 
Wageningen, The Netherlands, to present and discuss 
current issues around surface and boundary layer 
exchanges of reactive- and greenhouse gases. The 
workshop aimed to review the current knowledge of the 
relationship between physical and chemical processes 
in the boundary layer and their impact on the larger 
spatial and temporal scale distribution of atmospheric 
compounds. Three main themes were discussed: 1) 
Atmosphere-land interaction: sources and sinks of 
atmospheric compounds 2) Boundary layer processes: 
mixing, dispersion and exchange with free troposphere 3) 
Implementation of surface and boundary layer models in 
air quality and atmospheric chemistry-transport models. 

Recent development of new measurement and data 
analysis techniques as well as the possibility of using finer 
scale models allows us to tackle new questions regarding 
the role of small scale processes in trace gas exchanges. 
Consequently, one important goal of the workshop was to 
determine whether these new observational, data analysis 
and modelling techniques are suited to address the key 
questions in surface and boundary layer greenhouse and 
reactive trace gas exchange. Another objective of the 
workshop was to discuss the need for and optimal design 
of future experimental campaigns to provide balanced 
information on the role of physical and chemical surface 
and boundary layer processes in atmospheric chemistry. 
Therefore, the workshop also aimed to establish a close 
interaction between modellers and experimentalists and 
to promote interaction between the atmospheric physics 
and chemistry communities.
In previous meetings of the Scientific Steering Committee 
(SSC) of iLEAPS (integrated Land-Ecosystem Atmos-
phere Processes Study, http://www.ileaps.org/) and 
IGAC and also in a GABLS (GEWEX Atmospheric 
Boundary Layer Study) meeting, June 2007, we received 
very positive feedback on presentations in which we 
addressed the need for a renewed focus on this topic. In 
addition, we, as organizers, had numerous discussions 
on the subject. Based on the received feedback and these 
discussions we concluded that organization of such a 

 *front row, left to right: Jordi Vilà-Guerau de Arellano, Jose Fuentes, Chiara Di Marco, Leonor Tarrason, Daniela Famulari; 
2nd row: Douglas Martins, Herbert ter Maat, Mary Barth, Arnoud Frumau, Mary-Anne Carroll, Laurens Ganzeveld, Mike Sanderson, 
Janne Rinne, Stefano Galmarini, Petra Kroon, Monica Gorska, Maarten Krol, Elise Hendriks, Lars Nieradzik, Veronica Wolff; 
back row: Harm Jonker, Ned Patton, Cor Jacobs, Jielun Sun, Don Lenschow, Bert Holtslag, Sarah Cornell, Dennis Baldocchi, 
Rainer Steinbrecher, Anton Beljaars, Alex Gunther, Delphine Farmer, David Simpson, Chiel van Heerwaarden, Franz Meixner, Jens 
Mayer; participants missing from photo: David Fowler, Thomas Karl, Maria Rosa Soler, Otávio Acevedo and Pau Casso
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focussed meeting was timely and would be well-received 
by the community. 

In this letter, we present a brief description of the 
main topics and highlights of the discussions relevant to 
the atmospheric chemistry community. Our intention is to 
use the workshop outcome as a roadmap of the topics that 
require further investigation in the near future. These are:
1) the current status and deployment of measurement 

technology to conduct trace gas flux measurements;
2) uncertainties in fluxes inferred from observed tracer 

concentrations in the boundary layer;
3) reactive trace gas exchanges under nocturnal 

conditions;
4) the impact of turbulence and non-uniform emissions 

on chemical reactivity; and
5) the dependence of modelled tracer concentration on 

the representation of the planetary boundary layer 
(day-time and night-time conditions).

These issues were addressed at the workshop in 
presentations by Dennis Baldocchi, David Fowler, Franz 
Meixner, Alex Guenther, Laurens Ganzeveld, Thomas 
Karl, Jordi Vilà-Guerau de Arellano, Stefano Galmarini, 
Jose Fuentes, Harm Jonker, David Simpson, Mary Barth, 
Anton Beljaars and Mike Sanderson.   

Flux measurements
The direct measurement of reactive trace gas fluxes 
is particularly relevant to improve our understanding 
of reactive trace gas exchanges since concentration 
measure ments are often not sufficient to infer sources 
and sinks (emissions, deposition and chemistry) due to 
the role of fast chemical transformations. These chemical 
transformations can result in a flux-divergence, which 
implies that measurements at a particular height do not 
necessarily reflect the actual surface sources or sinks. 
A further implication is that the “big leaf” approach 
(including the canopy as a bulk entity without considering 
the vertical gradients in radiation, turbulence, etc.) to 
representing atmosphere-biosphere exchanges in models 
such as atmospheric chemistry and transport models 
(ACTMs), is not valid. As such, the development and 
application of flux measurement technology is particularly 
important for improving our understanding of reactive 
trace gas exchanges.
Presentations at the workshop included thorough reviews 
of techniques for flux measurements of trace gases. Topics 
ranged from the comparison of gradient- and Relaxed 
Eddy Accumulation (REA) ammonia flux measurements, 
the application of the Eddy-Covariance (EC) technique 
over urban areas, airborne trace gas flux observations 
and the use of remote sensing techniques to infer trace 
gas emissions. New measurement technologies, e.g., 
ozone chemiluminescence sensors, protonated mass 
spec trometers (PTR-MS) and laser spectrometers, now 
allows us to observe the concentrations of many trace 
gases, including reactive components and even radicals. 
However, the requirement to measure concentrations at 
frequencies > 1 Hz poses the main limitation to the direct 
measurement of the flux of many reactive compounds 
based on EC systems. Therefore, more indirect alter-

natives are often deployed, including the gradient, REA 
and Disjunct Eddy Covariance techniques.
At present, there is a lack of long-term (> ~1 month) 
observations of reactive trace gas fluxes. Such obser-
vations are needed to address important scientific 
questions associated with seasonal and inter-annual 
variations in reactive trace gases exchanges in response 
to climate change and ecological disturbances. Long-
term monitoring of reactive trace gas fluxes should be 
co-located at the carbon and water flux sites (FLUXNET, 
Baldocchi et al., 2001) in order to assure that the 
complementary information on meteorological and 
biological drivers of reactive trace gas exchanges such 
as turbulent transport, photosynthesis, and soil moisture, 
are available. At present, interpretation of results from 
atmospheric chemistry campaigns are quite often 
hampered by missing information on these drivers. 
New measurement technology also allows us to assess the 
impact of fast chemical transformations on the exchange 
of reactive compounds, including NOx, O3 and biogenic 
volatile organic compounds (BVOCs). There is quite 
substantial evidence from, e.g., missing OH reactivity 
and missing sources of secondary aerosols, that a large 
fraction of the BVOCs, emitted inside the canopy is not 
adequately sampled using EC instruments, since these 
BVOCs do not escape the canopy due to fast chemical 
transformations. Canopy scale ozone fluxes measurements 
are extremely useful to indicate the presence of “missing 
compounds” that are highly reactive towards ozone. This 
underlines the need of multi-specie flux and concentration 
measurements, in this particular case of BVOC and O3. 
One remaining challenge regarding flux measurements 
of trace gases is the development of instruments with 
sufficiently low detection limits, fast response and high 
precision. In addition, there is the need for the development 
of EC systems for a wider selection of volatile organic 
compounds (e.g., sesquiterpenes), semi-volatile organic 

Figure 1. Comparison of airborne observed (x-axis) and simulated 
(y-axis) isoprene emission flux for different tropical landscapes 
indicating differences between a state-of-the-art emission model 
and the observations as well as the range and spatial variability in 
source strengths (Karl et al., 2007)
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compounds (important for Secondary Organic Aerosol 
production), chemically speciated aerosols, nitrogen and 
halogen compounds. The development of such instruments 
could benefit from newly emerging technologies such 
as chemical ionization mass spectrometry instruments 
and optical techniques. Another challenge is the further 
development and application of airborne and remote 
sensing measurement technology, which is extremely use-
ful to assess the magnitude of as well as spatial variability 
in reactive trace gas exchanges at mul tiple scales ranging 
from the mesoscale (> BL depth, ~1km) up to the grid 
size of atmospheric chemical transport models (ACTMs, 
> 50km). One particular example that illustrates such an 
application of airborne flux technology to assess multi-
scale surface fluxes is given in Figure 1, which shows an 
assessment of the spatial variability in BVOC emissions 
and a comparison with a state-of-the-art emission inven-
tory (MEGAN; Guenther et al., 2006). Another example 
is the current development of remote sensing techniques 
to observe the boundary layer (BL) depth, which will 
ultimately provide the most optimal data to validate the 
BL depth in large scale models such as the ACTMs. 

Limitations on boundary layer 
mass budget methods
One of the topics discussed at length during the workshop 
was the limitations of the application of boundary layer 
mass budget methods. Despite recent development in 
flux observation techniques there is still a large number 
of reactive compounds for which surface fluxes can only 
be inferred from concentration measurements − e.g., 
from the surface layer gradient or from the observed BL 
concentration evolution and an assumed mixing volume. 
Application of the surface layer gradient method is 

hampered by the potential importance of counter-gradient 
transport and different footprints of the observations 
at different heights. Limitations on the applicability of 
the boundary layer mass budget method were discussed 
in some detail during the workshop, including in the 
context of the significance of the exchange between 
the BL and the overlaying free troposphere (FT), the 
so-called entrainment or detrainment fluxes, and the role 
of enhanced mixing due to the presence of clouds.
Entrainment (the mixing of FT air into the BL) or 
detrainment (ventilation out of the BL) is quite often 
ignored because it is assumed that these fluxes are 
relatively small compared to surface fluxes and other BL 
source and sink terms. However, for any compound with 
FT concentrations not that different from or substantially 
higher than those in the BL (e.g, for BVOC oxidation 
products formed in the nocturnal residual layer, see 
also next section) mass budget calculations to infer 
surface fluxes should consider the extra source through 
entrainment of FT air masses. 

In the BL mass budget method the boundary layer 
height is assumed to reflect the mixing volume 
and the method is extremely sensitive to a proper 
characterization of the BL height. The BL depth 
may change rapidly and varies between some 
100m for a nocturnal inversion to a fully developed 
BL with a depth ranging from 500m (over wet 
surface for relative cool conditions), to 1500m over 
tropical forests, to up to 3000m over hot deserts. 
The BL depth can be diagnosed from the potential 
temperature (θ) and moisture profiles. However, 
the method is highly complicated by the presence 
of clouds due to their effect on the profiles and the 
mixing conditions. This is illustrated in Figure 2 
which shows the mixing ratios of a generic reactive 
hydrocarbon compound as a function of altitude as 
simulated with an Large Eddy Simulation (LES) 
model that includes the role of shallow cumulus 
convection (Vilà-Guerau de Arellano and van de 
Dries, 2008). The presence of the clouds can be 
clearly identified from the enhanced mixing ratios 
(> 1ppbv) in the updraft up to an altitude of 2800m. 
Shallow cumulus clouds may result in a decrease in 
the average mixing ratio of up to 50% as compared to 
the clear sky situation, depending on the lifetime of 
the tracer under consideration. Thus the uncertainty 
in inferring surface fluxes from concentrations 
in the BL is strongly increased in the presence of 
clouds. This fact stresses the point that using the 

BL budget methodology to infer emissions requires a 
critical assessment of the role of this enhanced mixing 
mechanism through careful diagnosis of the vertical 
profiles of physical properties and, preferably, of tracers 
with different lifetimes. 

Nocturnal trace gas exchanges
The previous discussion on the limitations of the 
application of the BL budget method is not restricted 
to the role of daytime processes. For example, daytime 
entrainment and detrainment fluxes also depend on the 
nocturnal evolution of the residual layer (remnant of the 

Figure 2. Simulated mixing ratio of a generic reactive 
hydrocarbon compound as a function of altitude within the 6km 
domain of a Large Eddy Simulation (LES) model, showing the 
enhanced upward transport through the presence of shallow 
cumulus clouds on top of the BL (Vilà-Guerau de Arellano and 
van den Dries, 2008).
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explanation for the observed efficient removal of insoluble 
compounds like isoprene. These results indicate that the 
theory on dry deposition processes − used to develop 
dry deposition algorithms implemented in ACTMs − 
needs to be revisited. Since turbulent transport to the 
surface becomes a limiting term for the observed efficient 
surface removal rates, such a future revision would also 
rely on the progress made by the GABLS (http://www.
gewex.org/gabls.htm) community on the representation 
of the stable boundary layer (SBL) in meteorological and 
climate models.

Influence of turbulence and 
emission variability on the 
reactivity
The “intensity of segregation” (Is; the ratio of the 
covariance between reactants normalized by the 
ensemble horizontal mixing ratio average) expresses the 
change in the reaction efficiency due to non-homogenous 
mixing conditions. The significance of the intensity 
of segregation has been intensively studied in the past 
(Petersen and Holtslag, Krol et al., 2000, Patton et al., 
2001) using analytical as well as numerical analyses, 
which indicate a maximum decrease in the efficiency 
of the reaction between isoprene and OH on the order 
of 10-20%.  However, those analyses generally applied 
rather idealized and simple chemistry representations. 
Present computing facilities now allow the inclusion of 
more detailed chemical reaction schemes in, for example, 
large eddy simulation (LES) models. Recent numerical 
and observational studies have also addressed the role of 
shallow cumulus convection in chemistry and in transport 
interactions, indicating a significant impact of clouds on 
Is but these results need further corroboration (Karl et al., 
2007; Vilà-Guerau de Arellano and van de Dries, 2008). A 
recent study by Butler et al. (2008) of isoprene oxidation 
over Guyana’s tropical forest suggested an Is of 50% is 
needed for the OH-C5H8 reaction in order to reconcile 
simulated and observed OH and C5H8 concentrations. 
This estimate is substantially larger than the maximum 
simulated IsC5H8-OH shown in Figure 4, which shows the 

daytime boundary layer) from which air masses are being 
entrained into the growing BL after sunrise.   
There are a number of challenges involved in under-
standing and quantifying nocturnal trace gas exchanges. 
One is that suppressed turbulence during the night 
complicates proper measurements of the nocturnal 
fluxes. Moreover, during nocturnal suppressed turbulence 
conditions chemical interactions may occur at timescales 
shorter than the turbulent timescale resulting in large flux 
divergences (Galmarini et al., 1997) and fluxes measured 

above the canopy do not represent the actual surface 
emission or deposition flux. 
Another important and interesting topic discussed 
during the workshop is the role of the composition of 
and chemical processes in the nocturnal residual layer. 
Figure 3 shows formaldehyde (HCHO) mixing ratios 
for two days up to 1500m altitude as simulated 
by a single-column chemistry and climate 
model (along with the diagnostic BL depth) 
over a tropical forest. These results indicate that 
HCHO, accumulating in the residual layer at 
night, provides an additional source of HCHO 
and sink for oxidants, e.g., hydroxyl, in the early 
morning through the entrainment of these air 
masses into the growing BL. Unfortunately, these 
simulations could not be validated due to the lack 
of observations in the nocturnal residual layer, a 
feature which consequently should be included in 
future campaigns (Ganzeveld et al., 2008).  
Finally, observed and surprisingly high surface 
removal rates of a number of volatile organic 
compounds (Karl et al., 2004) were discussed. 
One postulated explanation for these high removal 
rates is enhanced uptake due to the presence of 
dew.  This makes sense for soluble compounds, 
e.g., methanol, but does not seem a feasible 

Figure 3. HCHO mixing ratios (ppbv) for 2 days (3-4 October) up 
to 1500m over the Guyana’s tropical forest, as simulated with a 
single column chemistry and climate model. The black dashed line 
denotes the diagnostic PBL height (Ganzeveld et al., 2008). 

Figure 4. Simulated evolution in the 9:00-14:00 local time (LT) vertical 
profiles of the intensity of segregation, Is,  between isoprene and OH for a 
clear-sky (solid lines) and cloudy (dashed lines) cases (Kim et al., 2004). 
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Sensitivity in tracer concentrations 
to different BL models
It is often thought that the representation of temporal and 
spatial variability in boundary layer mixing in ACTMs 
is appropriate to serve the purpose of these models. 
However, those representations are commonly based on 
rather simple schemes such as the so-called first-order 
or K-theory schemes, which are known to suffer from 
severe limitations such as their inability to deal with 
counter-gradient transport. The meteorological boundary 
layer community has demonstrated that there are many 
limitations in these BL turbulent transport models, 
including in the representation of the stable boundary 
layer (SBL) and regarding the role of stratocumulus 
clouds at the top of BL, which it is known can have a 
strong impact on tracer transport. In addition, many 
campaigns have provided observations of the BL structure 
which reveal large discrepancies between the observed 
BL properties and those simulated in ACTMs. This raises 
the question of the implications of these discrepancies in 
the models’ representation of simulated reactive trace gas 

exchanges. Figures 5a, b, c and d show 
the CO, NO2, C5H8 and O3 mixing 
ratios, respectively, simulated with 
two different BL schemes (Mellor-
Yamada, MY, and YSU) implemented 
in the WRF-CHEM model (http://
ruc.fsl.noaa.gov/wrf/WG11/) and a 
comparison with observations (Kim 
et al., 2006).  For CO, NO2 and O3 
both BL schemes result in a serious 
overestimation of the mixing ratios 
below 500m when compared to the 
observations. However, there is an 
underestimation above the BL for the 
longer-lived CO, with a vertical profile 
that reflects surface emission, and for 
O3, with the typical deposition profile, 
which suggests a mis rep resentation of 
the exchange between the BL and FT. 
Over all the analysis showed sig nifi -
cant differences between the simulated 
summertime BL aver age mixing ratios 
of these compounds over the U.S. for 
the two different BL schemes. This 
appears to be the first com pre hen-
sive assessment of the sensitivity of 
atmospheric chemistry simulations to 
bound ary turbulent transport schemes. 
As such, these results indicate the 
uncertainty that one can expect in the 
ACTMs’ simulated BL reactive trace 
gas mixing ratios associated with the 
current representation of BL turbulent 
transport. 

Conclusions
It was concluded at the workshop that 
the atmospheric chemistry community 
would benefit from a coordinated 
activity that focuses on improving our 

evolution of the vertical dependence of IsC5H8-OH for a  
clear-sky and a cloud case. These results indicate that in 
the clear sky case the maximum intensity of segregation of 
30% peaks at the top of boundary layer whereas in cloudy 
case there is a segregation of about 10% throughout the 
cloud layer (Kim et al., 2004). 
During the workshop it was concluded that the intensity 
of segregation does have a significant impact at the local 
and short time scales on the efficiency of reactions which 
occur on a timescale comparable to that of the turbulent 
and convective transport. However, this area still requires 
further research using new observational and modeling 
tools, to assess its relevance at larger (e.g., ACTMs 
grid scale) and longer time- (> days) scales. The main 
challenges here appear to be assessing the relevance 
of the intensity of segregation, preferably through high 
temporal resolution measurement of the Is, for those 
chemical species which react at timescales comparable 
to the turbulent timescale. This should not be limited to 
the BL turbulence regime but should also include the 
mixing conditions inside the canopy and in the lower free 
troposphere with clouds present.

Figure 5. Comparison of observed (black solid-dotted line) and 
simulated mixing ratios for the YSU (red) and Mellor-Yamada 
(blue) boundary layer schemes for (a) CO, (b) NO2, (c) C5H8, 
and (d) O3 (Kim et al., 2006).
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understanding and quantification of the role of surface 
and boundary layer processes in atmospheric chemistry. 
In addition, a balanced analysis of the relevance of 
chemical versus non-chemical processes is needed for 
the interpretation of observed surface and boundary layer 
concentrations and fluxes of reactive compounds as well 
as for evaluating ACTM simulations, through comparison 
with surface and BL observations. This is particularly 
relevant for compounds with a lifetime comparable 
to the surface and boundary layer turbulent transport 
timescales since the temporal and spatial variability in 
their concentrations and fluxes reflects to a large extent 
the variability in non-chemical surface and boundary 
layer processes. Such a coordinated activity should aim to 
increase the awareness among the atmospheric chemistry 
community about the relevance of these non-chemical 
surface and boundary layer processes. It should also 
provide guidance on the optimal planning of observations 
with balanced representation of chemical versus non-
chemical measurements and, finally, it should provide the 
tools, e.g., improved models of nocturnal and daytime 
boundary layer tracer transport, for implementation in 
ACTMs.  
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Background
Environmental hazards in the form of air pollution, 
floods and droughts affect a large portion of the world’s 
population. Increases in atmospheric aerosol associated 
with industrialization have caused health-related 
problems associated with worsening air quality, while 
floods and droughts result in major losses in lives and 
property, displacing millions from their homes every 
year. Recent studies suggest that increased 
aerosol loading may have changed the 
energy balance in the atmosphere and at 
the Earth’s surface (Denman et al., 2007) 
and altered the global water cycle in ways 
that make the climate system more prone to 
precipitation extremes.
As yet, we do not fully under stand how 
aerosols affects the development of 
precipitation, nor the extent to which it 
affects the cycles of water and radiant energy 
in the climate system as a whole. Hence, 
achieving a better understanding of how 
aerosols affects clouds and precipitation, 
and consequently large-scale cir culations, 
is not only a major scientific challenge 
but is also important to policy makers 
and stakeholders for making decisions on 
mitigation strategies.
Over the past decades new measurements 
from satellite-based remote sensors have 
revealed conspicuous associations amongst 
aerosols, clouds and precipitation (Lin et 
al., 2006; Rosenfeld, 1999). In accord with expectations 
based on in situ measurements, clouds forming in a 
polluted environment appear to have smaller droplets, 
which, in the absence of other effects, may suppress 
the formation of rain by shallow clouds (Andreae et al., 
2004).
Correlations between aerosol and cloud fraction and 
cloud liquid-water (both positive and negative) have been 
demonstrated (Myhre et al., 2007 and ref therein), with 
commensurate effects on the amount of solar radiation 
reflected back to space.
In deep clouds the low-level suppression of warm rain 
appears to be associated with modified microphysical 
pathways, enhanced ice precipitation aloft, and 
invigoration of the convection.
It appears that both the radiative and cloud-mediated 

aerosol effects induce large changes in precipitation 
patterns, which in turn may change not only regional 
water resources, but also the horizontal and vertical 
distribution of diabatic heating that propels the regional 
and global circulation systems that constitute the Earth’s 
climate.
This has been the impetus for large observational, 
modeling, and theoretical efforts which have focused 
mainly on the radiative components of these aerosol-
cloud interactions and their impact on the climate system 
(e.g., Ramanathan et al., 2005). While this has led to a 
much deeper understanding of the interactions between 
aerosols, radiation, and precipitation, much still remains 
to be learned about these radiative effects.
On the other hand, there has not yet been a comparable 
research effort concerning the microphysical effects of 
aerosols on clouds and precipitation, and the consequences 
for the water cycle and large scale circulation. Scientific 
understanding in this realm therefore remains very 

incomplete, hampering our ability to make projections of 
future climate change and to propose mitigating actions.
Much of the energy that drives the climate system is 
infused into the troposphere by deep convective rain 
clouds. However there are no quantitative measurements 
of the impact of the aerosol on deep convective clouds, 
their propensity to precipitate, the vertical distribution 
of heating, and the subsequent modulation of circulation 
systems and rainfall distribution.
For this reason, and because the effects of the aerosol on 
shallow cloud systems is a topic of much existing effort, 
it makes sense to initially focus any proposal for a new 
program on questions that affect deep, precipitating 
convection. Such a program, which we call the Aerosols, 
Clouds, Precipitation and Climate (ACPC) program, 
is outlined below.  ACPC is being undertaken as a 

The SMOCC92 campaign in the Amazon Basin—M O Andreae and D Rosenfeld with 
the research aircraft at Cruzeiro do Sul airport. In the back a deforestation fire with a 
pyrocumulus cloud building above it.
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joint effort of IGBP-iLEAPS (Integrated Land 
Ecosystem-Atmosphere Process Study; www.
ileaps.org), the WCRP GEWEX project (Global 
Energy and Water Cycle Experiment; www.
gewex.org) and IGAC.
A first step towards this program was taken 
with a previous article in the iLEAPS 
newsletter (iLEAPS Newsletter No. 4, 2007). 
The present paper outlines the scientific 
justification, fundamental questions, and general 
implementation concepts for ACPC. A detailed 
science and implementation plan is under devel-
opment by the ACPC planning team and will be 
presented in the near future.

Scientific Issues
Many of the important questions can be cast in 
broad categorical terms:

What is the relationship between surface rain • 
and cloud microstructure, i.e., the number 
of activated cloud droplets or nucleated ice 
crystals? To the extent that they exist, are such 
relationships modulated by meteorological 
conditions?
Looking toward smaller scales, what is the • 
relationship between cloud microstructure 
and the ambient aerosol? How will aerosol 
dynamics together with atmospheric chemistry affect 
cloud microphysics?
If changes in the development of precipitation can • 
be attributed to perturbations to the aerosol, how do 
changes in the vertical structure of latent heating affect 
the subsequent development of circulations systems on 
scales ranging from that of the cloud or cloud-system 
to the regional and beyond?
Likewise, to what extent do radiative perturbations • 
(including those mediated by the surface) which are 
attributable to the varying physicochemical and optical 
properties of the aerosol impact circulation systems 
across these many scales?
In closing the loop, to what extent do changes in • 
clouds, precipitation, and circulation systems regulate 
the distribution of the aerosol itself?
Ultimately, how well can (or do) we represent existing • 
understanding of the above respects in our theories and 
models of the climate system?

It has proven difficult to extract a harmonized view of the 
relationships of the type articulated above for a variety 
or reasons (IAPSAG Report, 2007). Foremost, in many 
situations we simply have not been listening, which is to 
say that significant gaps in the observational record are 
apparent.
But even when we have been paying attention, it has been 
difficult to extract a signal, with confounding factors 
being: the background roar of the ambient meteorology; 
a narrow focus on individual clouds for which the noise 
of circumstance is often loudest; consonance between the 
background aerosol and the meteorological conditions 

making it difficult, and often impossible, to isolate one 
from the other; and dissonance amongst myriad processes 
embodied by any categorical relationship.
As an example of this dissonance we note that the 
relationship between cloud microstructure and rain 
may depend on many factors, ranging from microscale 
processes such as the local intensity of turbulence in the 
cloud, to larger-scale processes such as the efficacy of 
cold-pool development, distribution of cloud-top heights, 
or the relative humidity of the cloud environment.
Likewise, the various ice-nucleation processes and 
the myriad microphysical pathways via which rain 
forms in mixed-phase clouds have thwarted attempts to 
quantitatively relate the character of the aerosol to the 
microphysical properties of glaciated clouds, and surface 
rainfall.
Given the history of attempts to draw demonstrable 
links of the type we seek, it seems natural to ask, what 
is new? To some extent we are more knowledgeable. In 
part, because the maturation of Earth System science 
has increased the discourse amongst diverse intellectual 
communities, questions such as ours are no longer the 
domain of scientists drawn from a single discipline, but 
are now being embraced by a diverse community.
This discourse has been facilitated and accelerated by 
the relatively recent realization that climate change, and 
associated effects on the hydrological cycle, are a problem 
of immense importance. In the present context these 
include experts in land-surface processes, aerosol and 
cloud physics, chemistry, radiative transfer and remote 
sensing, fluid simulation, and large-scale modeling, 
among others.

MODIS image of mixture of smoke, haze, fog and bright clouds trapped by the 
topography of the Indo-Gangetic Plain.
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Such intermingling is giving birth to new experimental 
designs. In particular our understanding of the aerosol, 
and its relationship to the microstructure of warm-
phase clouds has advanced significantly (Andreae 
and Rosenfeld, 2008; McFiggans et al., 2006) over 
the past decade, both as a result of advances in aerosol 
instrumentation, but also as a product of the deployment 
of such instruments in a series of field studies spanning 
the globe. Some of these experiments have also helped 
expand our imagination in terms of where to look for 
relationships between aerosols, clouds and precipitation.
Deliberate burnings in near tropical regions such as the 
South African Savannah, rain forests of the Amazon, 
or the sugar cane fields on subtropical islands provide 
opportunities for exploring these questions; these are 
natural laboratories in which one can hope, for the first 
time, to separate the effects of meteorology and the 
aerosol on large scales.
The empirical and conceptual progress in our 
understanding parallels other advancements in 
measurement science. Tremendous advances in remote 
sensing, using both space- and surface-based sensors, 
means that characterization of cloud microphysical and 
optical properties from space-borne active and passive 
sensors, together with surface networks of 
multi-parameter and multi-wavelength radars, 
lidars and microwave radiometers, now provide 
an unprecedented opportunity to quantify cloud 
structure, water content, and surface rain rates at 
a range of scales.
Such opportunities are amplified by a number 
of other developments: the emergence of new 
classes of autonomous vehicles (unmanned 
aerial vehicles, UAVs); new radar-scanning 
technologies, such as phased arrays; a satellite 
observing system in the form of the A-Train 
(the satellite constellation; e.g., CALIOP/
CALIPSO and CPR/CloudSat), providing data 
of unprecedented quality, whose capabilities 
are unlikely to be improved upon in the coming 
decade; a new fleet of modern aircraft capable of 
deploying large payloads with great endurance 
and at tremendous altitude; and modeling 
simulation/assimilation systems capable of 
synthesizing diverse and rich data streams on the 
one hand, and parsing the conceptual landscape 
on the other.
These developments lead to new opportunities. 
For instance the emergence of strategies 
for untangling aerosol perturbations from 
meteorological ones, e.g., by focusing on areas well 
downwind of deliberately set fires.
The articulation of questions, such as: how do clouds and 
precipitation modify the size and composition of aerosol? 
Can changes in profiles in the convective heating/drying, 
long measured by sounding arrays, be related to aerosol 
effects? How does aerosol modification of the surface 
heat budget affect convection and precipitation?
Likewise, advancements in measurement science offer 
the possibility to statistically characterize differences 

in the life-cycle of convective complexes as a function 
of the aerosol, or to begin thinking about parsimonious 
descriptions of the joint distribution of aerosol properties 
and cloud microphysical structure.

Strategy
To realize these opportunities and make progress in 
understanding physical relationships among aerosols, 
clouds and precipitation we propose a coordinated 
international effort encompassing a strategy that embodies 
the following elements: 

(i) isolation of, and focus on systems where there 
are strong indications of aerosol effects on deep 
convection; 
(ii) an emphasis on statistical characterizations of 
aerosol-cloud-precipitation interactions; 
(iii) the development of approaches that leverage 
past and ongoing activities; 
(iv) thorough integration of modeling and 
observational activities; and
(v) a hierarchical approach to both modeling and 
data collection/analysis.

Systems with strong indications of 
aerosol effects on deep convection
Item (i) above focuses attention on tropical or monsoonal 
regions over the Amazon, Africa, South and East Asia 
and the Maritime Continent. These regions are known 
for very high anthropogenic aerosol loading from mega-
cities and industrial complexes, and/or biomass burning 
aerosols, and dust, which in the case of the latter can 
sometimes also be traced to land-use practices.

Passage of a line of low-level cumulus clouds on the Mont Hombori, in the morn-
ing of 16 August 2005. These clouds are the last remnants of an MCS which 
propaged throughout the previous night. Photo by Francoise Guichard and Laurent 
Kergoat. Copyright CNRM-GAME & CESBIO (CNRS)
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Regions of biomass burning, particularly within a season, 
are a particularly attractive target for more intensive 
study; because, to the extent fires reflect seasonal (rather 
than day-to-day) variations in the meteorology, one stands 
a chance of de-correlating the biomass burning aerosol 
and the meteorology.
In this respect the Amazon is particularly attractive as 
past experience (The Large Scale Biosphere-Atmosphere 
Experiment in Amazonia, LBA field study) suggests that 
meteorology and aerosol loading may indeed de-correlate 
on sub-seasonal timescales (Andreae et al., 2004).
Already-planned activities in South and East Asia such 
as JAMEX (Joint Aerosol-Monsoon Experiment; Lau 
et al, 208)  as part of the planned Asia Monsoon Year 
(AMY 2008-2012), and the recent AMMA2006 (African 
Monsoon Multidisciplinary Analyses; Redesperger at 
al., 2006) program over West Africa also provide unique 
opportunities that should be further developed prior to 
renewed commitment of resources elsewhere.
While AMMA concentrated mainly on the radiative and 
dynamic aspects and SMOCC (Andreae et al., 2004) on 
the microphysical impacts of the aerosols, an integrated 
approach is needed to make further progress.

Statistical characterizations 
of aerosol-cloud-precipitation 
interactions
The second element of the strategy, which emphasizes 
the development of statistical relationships, can be 
implemented through studies that consider extended 
ranges in space and/or time, such as remote sensing 
studies at basin scales and long term measurements at 
potentially sensitive locations worldwide.
Statistical relationships are most likely to arise from 
large samples in homogeneous conditions, thus favoring 
observational regions that maximize the observational 
area while minimizing the heterogeneity in both the 
underlying surface and the expected composition of the 
aerosol.
Of the monsoon and tropical regions discussed above, 
the Amazon and Equatorial Africa satisfy this constraint 
better, both because of more homogeneous land-surface 
features, but also because of the perception that they are 
more locally forced, i.e., large-scale factors associated 
with the reorganization of monsoonal circulations are still 
poorly understood (Bell et al., 2008).
Also, past experience suggests that it is important to first 
evaluate the likelihood of observations being able to test 
a particular statistical hypothesis. Such an evaluation is 
critical to both the framing of the hypotheses and the 
design of the observational network intended to test 
them. Hence initial work incorporating simulation studies 
of cases from past, and ongoing, field work should focus 
on such an evaluation.
Preparatory work of this type may usefully be performed 
in the context of the GEWEX Cloud Systems Studies 
(GCSS) working group activities, although it could also 
be carried out by individual groups.

Development of approaches that 
leverage past and ongoing activities
The importance of leveraging past and ongoing work is 
essential to both the observational and the simulation 
components of the ACPC program.
In terms of simulations, GCSS has a rich history of using 
observations to evaluate models and, in cases where 
existing observations have been insufficient, designing 
entire field campaigns (for instance the phase two of 
the Dynamics and Chemistry of Marine Stratocumulus, 
DYCOMS-II and Rain in Cumulus over the Ocean, 
RICO) centered on specific questions that emerge from 
the modeling.
In terms of ongoing and past field work, AMMA2006 
provides a unique opportunity to explore how 
enhancements to the observational network better 
constrain tropical clouds.
Likewise, AMY2008-2012 provides new chances to test 
components of an emerging experimental strategy, and 
perhaps, through modest augmentation of the already-
planned resource deployment, begin developing the basis 
for better exploring the affects of the aerosol on deep 
convection in the context of the Asian Monsoon (Lau et 
al, 2006).
Apart from the deployment of additional instruments 
during the AMY2008-2012, one idea that addresses many 
aspects of the above would be to use GCSS to develop 
case studies from the AMMA2006 or AMY2008-2012 
field data, with an eye toward better framing the issues 
for a possible future Amazon field study.  So doing 
would ensure the thorough integration of simulations and 
observations, thereby addressing both the third and fourth 
elements of the strategy outlined above.

Thorough integration of modeling 
and observational activities
The integration of models and measurements also 
places demands on the models. The physics of current 
models, particularly general circulation models (GCM), 
inadequately (if at all) represent relevant processes for 
aerosol effects on precipitation.
Traditionally, cloud microphysical processes are only 
included in GCM parameterizations of stratiform clouds 
but not in convective clouds (Lohmann and Feichter, 
2005). Also, most GCMs only allow one convective 
cloud type per grid cell instead of the whole spectrum of 
convective clouds.
Options to be exploited include the development 
and implementation of different (more detailed) 
representations of parameterized convective clouds, the 
multi-scale model framework (MMF), and global (or 
very large-scale) cloud resolving models.
In terms of the latter, the emphasis on AMMA2006 by the 
Cascade project (at the University of Reading), provides 
a unique oppor tunity to explore issues pertaining to 
aerosols, clouds, and pre cipitation in the context of very 
large-scale cloud resolving modeling studies.
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(perhaps in the context of GCSS), building toward a 
period of more intensive field work spanning one or more 
seasons. Preliminary work suggests that the Amazon has 
many features that would lend itself well to such a study.
At the very least, such a study stands to significantly 
advance our understanding of deep, precipitating, 
convective systems, long a meteorological enigma. There 
is also reason to believe that such an effort could provide 
bounds on the susceptibility of such systems to changes 
in the atmospheric aerosol; both would be a great leap 
forward.
The transfer of knowledge gained from such an effort to 
regional weather forecasting centers to improve weather 
and climate prediction will be of substantial benefit to 
society.  
This article first appeared in the iLEAPS Newsletter  
No. 5 (www.ileaps.org) and was accompanied by a series 
of articles on the topic of aerosols, clouds, precipitation 
and climate.
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