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Abstract
The effects of aerosol in the atmosphere account for some of the largest uncertainties
in estimates of the human impact on climate. These effects depend not only on the
total mass of aerosol, but also its size distribution, mixing state and vertical profile.

Previous studies have suggested that both the size distribution and mixing state
of aerosol may be strongly influenced by repeated cycling through non-precipitating
cloud. The extent of this process is assessed in the HadGEM3–UKCA model;
although fewer cycles are seen for all aerosol than in previous studies, the figure
varies considerably between aerosol types.

The role of scavenging by precipitating cloud is also considered, and several
approaches to increasing the physical realism of its representation are considered.
In particular, coupling convective scavenging into the convective transport scheme
is shown to provide significant benefits over an operator-split approach (which
underestimates removal and allows excess aerosol to reach the upper troposphere
and be transported to remote regions).

To evaluate the alternative convective scavenging schemes, a method is developed
for carrying out a pointwise evaluation against vertically-resolved in-situ observations
from large-scale aircraft campaigns, based on nudging and flight-track sampling in
the model. It is demonstrated that this approach can help to constrain the choice
between different model configurations with a degree of statistical confidence.

Finally, the processes controlling the vertical profile of aerosol are investigated
using a series of model-based sensitivity tests, along with the extent to which these
processes can account for the large diversity in vertical profiles seen amongst current
models. For mass profiles and number profiles of large particles (greater than about
100 nm dry diameter), removal and secondary production processes are shown to be
most important; for number profiles of smaller particles, microphysical processes are
shown to become increasingly dominant.
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Chapter 1

Introduction

1.1 Aerosols in the climate system

Aerosol particles (small solid or liquid particles suspended in the atmosphere) play

an important role in both global and regional climate, both through absorption and

scattering of radiation (Section 1.1.2) and interaction with clouds and precipitation

(Section 1.1.3). Aerosol particles come from a variety of natural and anthropogenic

sources, vary substantially in size and chemical composition, and have a very non-

uniform geographical distribution (Section 1.1.1).

The direct radiative effect of any change in composition on the climate is often

quantified in terms of its radiative forcing, defined as the resulting change in net

downward radiative flux at the tropopause after stratospheric temperatures have

re-adjusted to equilibrium, but with the tropospheric state unchanged (Forster et al.,

2007).

Aerosol effects represent some of the largest uncertainties in estimates of total

anthropogenic radiative forcing (Forster et al., 2007); they are thought to be a

negative forcing, but the extent to which they presently cancel the positive forcing

from greenhouse gases is poorly quantified. There are also many complex interactions

1



2 CHAPTER 1. INTRODUCTION

and feedbacks between aerosol processes and other elements of the climate system,

which have only recently begun to be represented in climate modelling studies

(Carslaw et al., 2010). It is thus important to develop a better understanding of

aerosol processes, and their effects on climate, if these uncertainties are to be reduced.

In addition to their effects on climate, it is important to note that many anthro-

pogenic trace gases and aerosols are known or suspected to be harmful to human

health, and therefore emission controls are likely to be desirable irrespective of their

effects on climate.

1.1.1 Nature, sources and geographical distribution

Aerosol particles are described as either primary (emitted in particulate form at

source – see Section 1.2.1) or secondary (produced from atmospheric trace gases by

nucleation/condensation and/or chemical reactions – see Section 1.2.4). Although

fresh primary aerosol may have a very specific composition determined by its source,

particles are typically of mixed composition due to coagulation between particles and

condensation of one substance onto the surface of another (Andreae et al., 2008).

The size spectrum of atmospheric aerosol ranges from freshly-nucleated (mostly

sulphate) particles a few nm in diameter up to coarse mechanically-produced particles

many µm in diameter. In between lie what are termed Aitken particles (10 nm–

100 nm), and accumulation-mode particles (100 nm–1 µm). The accumulation and

coarse modes account for most of the aerosol mass in the atmosphere; however the

smaller nucleation-mode and Aitken particles are much more numerous.

Atmospheric aerosol consists of many different chemical components; the major

ones are described below.
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Sulphates

While some sulphate (SO2−
4 ) aerosol may be emitted directly in particulate form,

the majority is formed from atmospheric sulphur dioxide (SO2) either by oxidation

by the hydroxyl radical (OH) to form sulphuric acid (H2SO4) vapour followed by

nucleation/condensation, or by oxidation in the aqueous phase (within cloud droplets)

by ozone (O3) or hydrogen peroxide (H2O2) to produce dissolved aerosol (Seinfeld

and Pandis, 2006, §22.1). SO2 is itself produced by oxidation of a variety of precursor

gases – in particular hydrogen sulphide (H2S), dimethyl sulphide (DMS, CH3SCH3),

carbon disulphide (CS2) and carbonyl sulphide (OCS) – as well as by direct emission

(Seinfeld and Pandis, 2006, §2.2). DMS (produced in the oceans by phytoplankton)

accounts for much of the natural sulphate precursor emissions, while the (currently

larger) anthropogenic contribution comes from the burning of fossil fuel (especially

coal) in the form of SO2.

The SO2−
4 ions may occur in a variety of ionic compounds. Although they

generally originate in H2SO4, chemical reactions with ammonia-based compounds

convert much of this to ammonium sulphate, (NH4)2SO4.

Sea-salt

Over the ocean, salt particles released by the evaporation of sea spray are a significant

source of aerosol particles, composed largely of sodium chloride (NaCl); the rate at

which such particles are produced is strongly dependent on surface wind speed.

Carbonaceous aerosol and soot

A wide variety of carbon compounds are found in aerosol particles; however, these

are usually divided into two broad classes:

black carbon (or elemental carbon), strongly light-absorbing graphite-like material

produced during combustion as a principal component of soot; and



4 CHAPTER 1. INTRODUCTION

particulate organic matter (or organic aerosol), consisting of biological debris

and secondary aerosol from chemical processing and condensation of organic

gases of both natural and anthropogenic origin.

Soot particles produced during combustion are typically a mixture of both black

carbon (BC) and particulate organic matter (POM), along with other chemical

components.

The light-absorbing properties of black carbon set it apart from the other

commonly-occurring types of aerosol, which are predominantly scattering. This

leads to localised heating of the atmosphere and the so-called “semi-direct” aerosol

effects, as will be discussed in Section 1.1.4.

Black carbon is also insoluble in water and other common solvents, and able to

withstand very high temperatures. In addition to its absorption, this latter property

is commonly used in measurements to separate black carbon from other aerosol – in

which context the term “elemental carbon” (EC) is often used.

A recent and thorough review of the role of black carbon in the climate system is

given in Bond et al. (2013).

Particulate organic matter contains a wide range of carbon-based compounds,

and vary considerably in their complexity, volatility and solubility; although all such

material is commonly treated as a single category in climate models. The term

“organic carbon” (OC) is used to refer to the carbon content within POM.

Although soot particles are generally insoluble and hydrophobic at source, over

time they can accumulate a coating of soluble material (e.g. sulphate or soluble

organic compounds) by condensation or coagulation, allowing such particles to

become hygroscopic and thus act as cloud condensation nuclei (CCN).
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Mineral dust

Mineral dust is carried into the air by wind blowing over soil or sand; over and

downwind of arid regions in particular, this contributes a large proportion of the

aerosol population.

Nitrogen compounds

Both ammonia (NH3) and nitric acid (HNO3) vapour may condense onto aerosol

particles, dissociating to form ammonium (NH+
4 ) and nitrate (NO−3 ) ions (Andreae

et al., 2008, §3.2.6); as mentioned above, the former are often found bound to

sulphate ions in ammonium sulphate aerosol. Although nitrogen compounds can

form a significant fraction of total aerosol mass in some regions (Jimenez et al., 2009,

Fig. 1, reproduced as Figure 1.1), and both their potential effect on the nitrogen

cycle and their contribution to aerosol direct and indirect effects has been recognised

(Denman et al., 2007, §7.4.2), these aerosol components have received relatively little

attention in climate modelling studies.

1.1.2 Direct radiative effect

Aerosol particles can directly alter the radiative balance of the atmosphere by

absorbing or scattering incoming solar radiation. Scattering aerosols effectively

increase the planetary albedo, leading to a cooling effect. Absorbing aerosols (e.g.

black carbon, as the name implies) may have a cooling or warming effect, depending on

the albedo of the underlying surface. The net direct radiative effect of anthropogenic

aerosol is estimated to be a cooling one, although its magnitude is rather uncertain

(Schulz et al., 2006; Forster et al., 2007).
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Figure 1.1: Total mass concentration (in µg m−3) and mass fractions of non-
refractory inorganic species and organic components in sub-µm aerosols measured at
multiple surface locations in the Northern Hemisphere. From Jimenez et al. (2009,
Fig. 1). Reprinted with permission from AAAS.
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1.1.3 Indirect effects via cloud and precipitation

Aerosol particles can also alter the climate through their roles in cloud and precipita-

tion microphysics:

• cloud condensation nuclei (CCN) are required for new liquid cloud droplets to

form from water vapour (Rogers and Yau, 1989, ch. 6);

• ice nuclei (IN) are required for new ice particles to form directly from water

vapour, or by the freezing of supercooled liquid cloud droplets at temperatures

above about −40℃ (Rogers and Yau, 1989, ch. 9).

Changes in these processes can alter both the radiative properties and precipitation

efficiency of clouds; together these are termed indirect effects and are reviewed in

Lohmann and Feichter (2005) and Denman et al. (2007, §7.5.2).

Two main mechanisms for such an indirect effect have been identified and studied:

the cloud albedo effect and the cloud lifetime effect (also known as the first and

second indirect effects respectively). A number of other mechanisms, mostly involving

mixed-phase cloud, have also been proposed but have not been studied in such detail.

Cloud albedo effect

The size distribution of cloud droplets is heavily dependent on the number of CCN

available; an increase in the number of suitable aerosol particles will lead to a greater

number of smaller droplets for a given liquid water content. In most cases this leads

to an increase in cloud albedo (Twomey, 1977), thus having an overall cooling effect.

Cloud lifetime effect

As well as increasing the cloud albedo, the reduction in droplet size may delay the

onset of precipitation in shallow low-level cloud, which requires the development

of much larger drops (Albrecht, 1989). This has been hypothesised to increase the
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lifetime of such clouds; assuming that the availability of water vapour is not a limiting

factor (which is unlikely at least in maritime environments), this in turn increases the

mean coverage of low-level cloud. Such cloud has little effect on outgoing long-wave

radiation, but has a high short-wave albedo, thus exerting a further cooling effect.

Other indirect effects

There are a number of other proposed mechanisms for indirect effects, including:

• The “glaciation indirect effect” (Lohmann, 2002), where an increase in the

number of aerosol particles acting as ice nuclei enhances glaciation in mixed-

phase clouds, thus increasing precipitation and reducing their lifetime.

• The “de-activation effect”, where increased sulphate forms a coating on par-

ticles that would otherwise act as ice nuclei, preventing them from doing so

(Pruppacher and Klett, 1996, §9.2).

• The “riming indirect effect”, where smaller cloud droplets lead to less riming

of ice in mixed-phase clouds (Borys et al., 2003).

• Thermodynamic effects: smaller cloud droplets freeze at lower temperatures,

delaying the onset of glaciation and precipitation in mixed-phase clouds (Rosen-

feld and Woodley, 2000; Khain et al., 2001); consequent changes in latent heat

release may invigorate or reduce further convection (Khain et al., 2005).

These additional effects involving mixed-phase clouds are somewhat less well

understood than the cloud albedo and cloud lifetime effects on liquid cloud, although

at least one recent study (Lohmann and Hoose, 2009) suggests that these may

contribute significantly to the total anthropogenic aerosol indirect effect. However,

all these effects which potentially affect cloud lifetime are subject to considerable

uncertainty, as their interactions with cloud dynamics are poorly understood. It has

been suggested (e.g. Stevens and Feingold, 2009) that dynamical feedbacks may lead
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to cloud fields adjusting to compensate for these aerosol effects, and damping any

overall impact on the radiative balance.

1.1.4 Semi-direct effects via localised heating

There are also so-called “semi-direct” effects, where cloud properties and atmospheric

stability are influenced by the local atmospheric heating caused by absorbing aerosol

particles. The first such effect to be described was the evaporation of cloud caused

by local heating (Hansen et al., 1997). This reduction of cloud cover has been

demonstrated in cloud-resolving models (e.g. Ackerman et al., 2000; Hill and Dobbie,

2008). Absorbing aerosol below cloud level can increase cloud cover, however, by

destabilising the boundary layer and promoting convection (e.g. Feingold et al.,

2005).

The effects of absorbing aerosol above cloud are more complex. The resulting

warming will tend to stabilise the lower troposphere, strengthening the cloud-top

inversion in regions of stratocumulus and increasing cloud cover (e.g. Johnson et al.,

2004). In regions of convective cloud, however, this stabilisation is likely to suppress

convection and decrease cloud cover (e.g. Fan et al., 2008).

A recent review of these effects is given in Koch and Del Genio (2010).

1.1.5 Quantifying aerosol effects on climate

With the exception of the cloud albedo effect, none of the indirect or semi-direct

effects can be properly considered radiative forcings as defined in e.g. Forster et al.

(2007, §2.2), as they do not directly alter the radiation budget if the tropospheric

state is fixed; instead they cause changes in the hydrological cycle and these in

turn modify the radiation budget. This, along with the high level of uncertainty in

these effects, is why they do not appear in the IPCC Fourth Assessment Report’s

summary of radiative forcings, although they are discussed elsewhere in the report
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(Denman et al., 2007, §7.5.2). In order to quantify the full range of aerosol indirect

effects, an alternative methodology must be used, such as radiative flux perturbation

(Haywood et al., 2009; Lohmann et al., 2010) which can take into account feedback

processes which are fast compared to the timescale of changes to global mean surface

temperature (Bala et al., 2010) – thus separating “fast” aerosol/cloud/precipitation

effects (which typically occur over a few cloud lifetimes) from the “slow” climate

feedbacks induced by global warming over a period of decades or longer.

1.2 Processes influencing atmospheric aerosol

1.2.1 Primary emissions

Aerosol particles are emitted directly from a number of sources, both natural and

anthropogenic, e.g. combustion of fossil fuels and biofuels across a wide range of

human activity, biomass burning in wildfires, volcanic eruptions, sea spray and dust

lifted by wind. Detailed inventories of global emissions have been constructed, as in

e.g. Lamarque et al. (2010) and Diehl et al. (2012).

These emissions may be injected into the atmosphere at or near the surface (as for

sea spray, dust and road traffic) or at a higher altitude (as for volcanic eruptions, air

traffic and smoke plumes from major wildfires). In addition, for particulate emissions,

it is not sufficient to know the total mass of aerosol material that is emitted: the

post-emission behaviour of particles may depend on their size distribution; the height

at which emissions are injected may also be important for both particulate and

gaseous emissions.

1.2.2 Transport: advection, diffusion and convection

Aerosol is transported through the atmosphere along with its containing air mass,

through advection by large-scale winds, turbulent diffusion and convection. While



1.2. PROCESSES INFLUENCING ATMOSPHERIC AEROSOL 11

Table 1.1: Categorisation of scavenging processes

Nucleation Impaction
In-cloud Activation as cloud

condensation or ice
nuclei

Collision with cloud
droplets or ice crystals

Below-cloud — Collision with falling
precipitation

large-scale advection is responsible for the long-range horizontal transport of aerosol,

the weak nature of large-scale vertical motion in the troposphere means that convec-

tive updraughts are expected to have a large role in controlling vertical transport

(see e.g. Hoyle et al., 2011), along with turbulent diffusion in the boundary layer.

1.2.3 Removal: scavenging and deposition

There are two main routes by which aerosol particles are removed from the atmosphere,

referred to as dry and wet deposition. In dry deposition, aerosol particles settle out

due to gravity, diffusion and other processes and eventually attach to the surface.

This process is not a major focus of this work, but is described in more detail in e.g.

Ruijgrok et al. (1995). In wet deposition, aerosol particles are taken up (“scavenged”)

by hydrometeors (cloud droplets, ice particles and precipitation) and carried to the

surface in precipitation.

There are a variety of scavenging processes, which are usually divided either into

in-cloud scavenging (by cloud droplets or ice crystals) and below-cloud scavenging

(by falling precipitation), or into nucleation scavenging (where aerosol particles act as

cloud condensation or ice nuclei) and impaction scavenging (where aerosol particles

collide with existing hydrometeors). Nucleation scavenging only occurs in-cloud,

while impaction scavenging occurs both in- and below-cloud (see Table 1.1).

Note that scavenged aerosol is not necessarily removed from the atmosphere by wet

deposition at the surface: if cloud droplets evaporate (or ice crystals sublime) without
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forming precipitation, or if precipitation evaporates/sublimes before reaching the

surface, then the aerosol is released back to the atmosphere. This cloud/precipitation

processing of aerosols is discussed in more detail in Section 1.3.

Nucleation scavenging

Nucleation scavenging occurs when aerosol particles form cloud condensation or ice

nuclei, and thus become dissolved or embedded in the resulting hydrometeor.

For liquid cloud this process, described by Köhler theory, depends on the aerosol

composition and size distribution and local supersaturation (Rogers and Yau, 1989,

ch. 6; Pruppacher and Klett, 1996, §9.1). The theory is well established, and detailed

parameterisations have been developed to represent the activation process in models

with size-resolved aerosol (e.g. Nenes and Seinfeld, 2003; Fountoukis and Nenes,

2005), as well as more parameterised schemes (e.g. Abdul-Razzak and Ghan, 2000).

Heterogeneous nucleation of ice is somewhat more complex, with the crystal

structure of the aerosol particles (which may depend on both the composition and

history of the particle) also playing an important role (Pruppacher and Klett, 1996,

§9.2; Cantrell and Heymsfield, 2005). A theoretical parameterisation thus requires

knowledge of details of the aerosol microphysical state which are not usually available

in current models; thus current modelling generally relies on empirical relationships

such as those of DeMott et al. (2010).

Impaction scavenging

Impaction scavenging occurs when aerosol particles collide and coalesce with hy-

drometeors, thus becoming dissolved, attached or embedded. This can be driven

by a number of processes, which dominate in different regions of the joint aerosol-

hydrometeor size spectrum, including Brownian diffusion, interception, inertial

impaction, electrostatic and phoretic effects (Pruppacher and Klett, 1996, §17.4.2).
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An assessment of the uncertainties in current parameterisations of impaction

scavenging by raindrops by these processes is given by Wang (2010); they conclude

that estimates of the collision efficiency between droplets and aerosol particles in the

0.01 µm to 3 µm range are the major contributor, with theoretical parameterisations

an order of magnitude or more below that required to match observed scavenging

rates. Increased scavenging due to turbulent flow (Grover and Pruppacher, 1985;

Pinsky and Khain, 1997; Khain and Pinsky, 1997) is suggested as a possible cause of

this mismatch between theoretical parameterisations (usually assuming non-turbulent

flow) and observations (usually subject to boundary-layer turbulence).

Parameterisations of impaction scavenging by ice and snow are less well developed,

and tend to be heavily dependent on the shape of the ice particles. A detailed

discussion of the theory and available observations can be found in Wang (2002,

ch. 5), and Feng (2009) presents a physically-based parameterisation using up-to-date

estimates of the relevant parameters.

Previous experiments with detailed scavenging schemes

Croft et al. (2009, 2010) consider the effect of introducing a detailed size-resolved

scheme for impaction scavenging by rain and cloud droplets in the ECHAM5–HAM

model (Stier et al., 2005, described in more detail in Section 1.6.2), along with a

highly parameterised activation scheme for nucleation scavenging, and show modest

but noticeable improvements in simulated aerosol distribution compared to a simple

scheme using prescribed scavenging ratios for in-cloud scavenging and a first-order

loss rate for impaction scavenging.

1.2.4 Microphysics and chemistry

In addition to the emission, transport and removal processes described above, there

are a number of microphysical and chemical processes which can affect aerosol



14 CHAPTER 1. INTRODUCTION

particles in the atmosphere: nucleation of new particles, and condensation onto

existing particles, from the gas phase; coagulation of particles; and the in-cloud

production of aerosol material by aqueous chemistry.

Nucleation

Secondary sulphate aerosol particles can be formed directly from H2SO4 vapour

in the atmosphere. The principal mechanism is generally thought to be binary

homogeneous nucleation of H2SO4 and H2O to produce sulphuric acid droplets. This

process can occur even when the vapour pressures of both H2SO4 and H2O are well

below saturation (Seinfeld and Pandis, 2006, §11.6–11.7).

Although binary homogeneous nucleation of H2SO4 and H2O is the nucleation

process which is best understood, there are a number of other processes which have

been proposed, such as ion-induced nucleation (Yu and Turco, 2000), nucleation

from organic vapours (Hoffmann et al., 1997) and ternary processes involving a third

component such as ammonia (Korhonen et al., 1999).

Condensation

Existing aerosol particles may grow by the condensation of vapours (in particular

H2SO4 and various organic compounds) onto their surface (Seinfeld and Pandis,

2006, §13.2). This process competes with nucleation for the available vapour: a large

surface area of existing particles will deplete the vapour phase as it condenses onto

these particles, reducing the rate at which new particles are nucleated. Note that

the condensing vapour need not be of the same composition as the existing aerosol;

in particular, the condensation of material such as sulphate onto insoluble primary

particles to form a water-soluble coating can enable these particles to act as cloud

condensation nuclei. This is often referred to as “ageing” of the particles.
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Coagulation

Aerosol particles which come into contact with one another may coagulate to form a

single larger particle (Seinfeld and Pandis, 2006, §13.3). These particles may have

different composition, and so (like condensation) this process can lead to particles of

mixed composition and thereby contribute to the ageing of insoluble aerosol.

Aqueous chemistry

Aqueous reactions between dissolved gases within cloud droplets can lead to the

formation of secondary aerosol material, which will then be combined with that in

the original CCN in the particle left behind if the droplet evaporates. In particular,

the oxidation of dissolved SO2 by O3 and H2O2 leads to the in-cloud production of

sulphate aerosol (Seinfeld and Pandis, 2006, §7.5).

1.3 Cloud cycling

A significant proportion of cloud water is not removed by precipitation, but returned

to the atmosphere as water vapour by evaporation: Pruppacher and Jaenicke (1995)

estimate (based on a simple global budget argument) that cloud water goes through

10 condensation–evaporation cycles on average before falling to the ground as precip-

itation. Since the formation of cloud droplets (or ice crystals) involves the take-up of

aerosol particles as CCN or IN (and further particles may be taken up by impaction

scavenging), it follows that some of this material will be released from evaporating

clouds and precipitation. However, the physical and chemical characteristics of these

released particles may be different to those of the scavenged particles: cloud droplets

typically undergo many collision/coalescence events during their lifetime, thus each

evaporating droplet will in general release an aerosol particle containing the material

from several CCN and/or IN, plus that taken up from impaction scavenging or
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Figure 1.2: Schematic showing how cloud cycling may cause a shift towards larger
and well-mixed aerosol particles

produced by aqueous chemistry. Thus cloud processing can be expected to cause

a shift from small aerosols with diverse composition towards larger aerosols with a

well-mixed composition, as illustrated in Figure 1.2.

Pruppacher and Jaenicke (1995) estimate that a typical aerosol particle in the

atmosphere has been cycled through cloud three times, thus suggesting that cloud

processing is likely to play a significant role in the aerosol life cycle.

Hoose et al. (2008a) diagnose the cloud cycling rate for stratiform clouds only

(i.e. excluding parameterised convective cloud) using the ECHAM5–HAM model.

Despite significant differences in aerosol emissions and liquid water path from the

values used by Pruppacher and Jaenicke (1995), the stratiform cloud-cycling rates

are in fair agreement.

It is worth noting, however, that the approach of Pruppacher and Jaenicke (1995)

suggests that most of the cloud cycling occurs in convective cloud – the rates are

reduced from 10 to 2.6 times for water and from 3 to 0.4 times for aerosol particles

when only stratiform cloud is considered. Croft (2011, ch. 4) has extended the work of

Hoose et al. (2008a) to include cycling through convective cloud; her results suggest

a more equal split between cycling in stratiform and convective clouds.
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1.4 The importance of the vertical distribution

The direct, indirect and semi-direct effects of atmospheric aerosol all depend upon

its vertical distribution, and especially its position in relation to cloud layers. In

the case of the indirect effect, aerosol will have most impact at the levels where

cloud is formed. The strength of the direct effect for a given amount of black carbon

(absorbing and non-hygroscopic unless aged) increases significantly with height, while

that for sulphate (scattering and hygroscopic) remains fairly constant with height

(Samset and Myhre, 2011). However, these results depend strongly on the interaction

with clouds, without which Samset and Myhre find that the vertical sensitivity for BC

is much weaker – consistent with the results of Zarzycki and Bond (2010) showing an

increased effect for BC above reflective clouds. The semi-direct effect is also sensitive

to the vertical position of aerosol, as touched upon in Section 1.1.4: Johnson et al.

(2004) show in a large-eddy model that absorbing aerosol below an area of marine

stratocumulus causes a decrease in liquid water and a positive semi-direct forcing,

while placing such aerosol above the cloud increases liquid water and produces a

negative semi-direct forcing.

Because of the importance of the vertical distribution for the aerosol effects, a

number of recent studies have focused on observational constraints on this distribution

on a global scale. While limited analysis of the relative height of cloud and aerosol

layers is possible from traditional passive satellite observations (Peters et al., 2011;

Wilcox, 2012), the use of satellite-based LIDAR instruments (such as CALIOP, on the

CALIPSO satellite) and large-scale aircraft campaigns (such as HIPPO, discussed in

more detail in Chapter 4) can provide more detailed observations of aerosol vertical

profiles over large regions (Koffi et al., 2012; Schwarz et al., 2010).
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1.5 Parameterisation of cloud, precipitation and aerosol
in General Circulation Models

1.5.1 Cloud and precipitation schemes

Cloud and precipitation in global climate models exist on both resolved and unresolved

scales. Large-scale stratiform clouds, such as marine stratocumulus and frontal clouds,

may cover multiple grid boxes and persist over many timesteps. These are thus

typically treated as resolved-scale processes, based on grid-box values of cloud water

and cloud fraction and an assumed shape for the distribution of water over the grid

box (e.g. Smith, 1990). Cloud and precipitation microphysics can then operate at the

resolved scale, although only over the cloudy fraction of each grid box (e.g. Wilson

and Ballard, 1999). Although early schemes diagnosed both cloud water and cloud

fraction at each timestep based on prognostic variables such as relative humidity, in

modern schemes these are either prognostic quantities in their own right (e.g. Wilson

et al., 2008) or derived from prognostic moments of the sub-grid-scale moisture

distribution (e.g. Tompkins, 2002). There are also hybrid schemes such as Sundqvist

et al. (1989) where cloud water is prognostic but cloud fraction is diagnosed at each

timestep.

Convective cloud and precipitation, on the other hand, occurs on scales much

smaller than the typical resolution of a global climate model, although the suscep-

tibility of a given region to convection can be diagnosed from the resolved-scale

tropospheric stability. They are commonly parameterised using a “mass-flux” ap-

proach (e.g. Tiedtke, 1989; Gregory and Rowntree, 1990), in which it is assumed

that the effects of a heterogeneous ensemble of convective clouds in a grid box can be

approximated by the action of a single updraught and downdraught, with suitably

parameterised entrainment and detrainment rates. Neither the cloud fraction nor the

vertical velocities of the updraught and downdraught are explicitly known in such



1.5. PARAMETERISATION OF CLOUD, PRECIPITATION & AEROSOL 19

a scheme, only the grid-box mean upward and downward mass fluxes. In models

where large-scale cloud water and ice are prognostic (e.g Wilson et al., 2008), liquid

water and ice may be detrained into the large-scale scheme; it is this detrained cloud

which represents the anvils of deep convective cloud and interacts with radiation.

In reality, however, there is no clear scale separation between large-scale and

convective cloud, with a whole range of mesoscale systems in between. Although total

precipitation is energetically constrained, the division between cloud represented by

the two schemes in a model is therefore somewhat arbitrary and likely to depend on

the model resolution.

1.5.2 Size distributions of hydrometeors and aerosols

Many microphysical processes involving aerosol particles and/or hydrometeors are

heavily dependent on their size distribution, and not just on their total mass mixing

ratio in the atmosphere. For example:

• surface processes (e.g. growth by condensation or deposition) depend more on

total surface area (which is greater for smaller droplets or particles at a given

total mass);

• there is a critical size at which aerosol particles can activate to form cloud

droplets, dependent on their composition and the local supersaturation of water

vapour according to Köhler theory;

• larger cloud droplets are more likely to grow to form raindrops;

• smaller raindrops are more likely to evaporate before reaching the surface.

In simple “bulk” schemes, only the total mass of each type of aerosol particle

or hydrometeor is transported, and either a fixed or diagnosed size distribution is

assumed when parameterising the microphysical processes; this assumed distribution

may be tuned individually for each process to match observations without necessarily
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having a physical justification. While rain may be distinguished from cloud, or coarse

aerosol from fine, there is no way to capture changes of particle size within these

broad categories.

Increasing computing power has made it possible to represent the size distribution

prognostically, allowing it to evolve according to the microphysical and transport

processes rather than assuming a distribution at each timestep based on diagnostic

relationships. There are two main approaches to this: bin-resolved (or sectional)

schemes and multi-moment modal schemes.

In bin-resolved schemes (e.g. Spracklen et al., 2005), the size spectrum for each

particle type is divided into a large number of discrete “bins” each covering a relatively

narrow size range; the number or mass of particles in each bin is then transported

separately, with explicit representation of the microphysical processes that grow or

shrink particles from one bin to another. While such schemes are able to represent

the evolution of size distributions very well, the large number of prognostic variables

required makes them very expensive in terms of computing time and storage when

used in global models.

Multi-moment modal schemes attempt to capture the evolving size distribution

with a much smaller number of variables than required for a bin scheme. The size

distribution of each type of particle is assumed to be a superposition of a small

number of “modes” with prescribed (usually gamma or log-normal) distributions. The

moments of the distribution for each mode are then carried as prognostic variables:

• with one moment, the distribution is fixed, and only the strength of each mode

can change – this is essentially the same as the bulk schemes mentioned above;

• with two moments, typically number (zeroth moment) and mass (proportional

to the third moment), the mean particle size in each mode can vary, but the

distribution shape still remains fixed;

• with additional moments, the width and shape of each mode can also vary.
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In a fully modal scheme, the physical processes would be represented in terms of

integrals over the size distribution of each mode. Many aerosol schemes, however,

use a simplified “pseudo-modal” approach where some or all of the physical processes

are parameterised using an average or “effective” radius for each mode rather than

an integral (e.g. Vignati, 2004). In addition to the explicit microphysical processes

that grow or shrink the particles within a mode, an additional parameterisation is

needed to move particles from one mode to another (so that e.g. the largest cloud

droplets can become raindrops, or the largest nucleation-mode aerosol particles can

move to the Aitken mode).

In cloud schemes, a variety of “autoconversion” parameterisations are used for

this purpose (e.g. Tripoli and Cotton, 1980; Khairoutdinov and Kogan, 2000), which

may be empirically tuned to adjust the distribution of precipitation in the model.

In multi-moment aerosol schemes, a more numerically-based approach is often used,

referred to variously as reallocation (Vignati, 2004), repartitioning (Stier et al., 2005)

or mode-merging (Mann et al., 2010). This transfers the number and mass of particles

in the upper tail of one mode (larger than a pre-determined threshold) into the next

largest mode, subject to certain restrictions.

1.5.3 Mixing state

As mentioned in Section 1.1.1, aerosol particles are generally of mixed composi-

tion. This has important implications for both their radiative and microphysical

properties (Seinfeld and Pandis, 2006, §24.6; Levin and Brenguier, 2008, §6.2.1);

parameterisations which assume separate populations of sulphate and black carbon

aerosol (“externally-mixed”), for example, may behave quite differently to those

which assume they are well mixed in the same particles (“internally-mixed”).

There is also the matter of aerosol/water mixing: not only do hydrometeors

generally contain some dissolved or embedded aerosol material, but hygroscopic
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aerosol particles (e.g. sulphate) usually contain some condensed water even if they

are too small to activate as cloud droplets. Some recent studies (e.g. Ovchinnikov

and Easter, 2010) have used a two-dimensional joint distribution to capture the

evolution of the aerosol/water mixing state; while such an approach can be useful in

a limited-area model, the increased computational cost makes it unsuitable for use

in a global model.

There is also a distinction to be made between models which transport in-droplet

and in-ice aerosol as separate prognostics (and thus remember the activation history)

and those which diagnose the in-cloud fraction afresh at each timestep. Hoose et al.

(2008a,b) show that introducing a prognostic treatment to ECHAM5–HAM has

a significant impact on simulated aerosol distributions. Ghan and Easter (2006)

examine a range of approaches from fully prognostic to fully diagnostic in-cloud

aerosol, using an otherwise identical model setup. They show little difference between

the fully-prognostic and the non-advected configurations, but significant local error

and global bias when using diagnostic in-cloud aerosol.

1.6 Models used in this study

Most of the work described here is based on HadGEM3–UKCA simulations, although

for Chapter 4 some simulations were also carried out with ECHAM5–HAM2 for

comparison. These two models are described in the following sections.

1.6.1 HadGEM3–UKCA

HadGEM3 (Hewitt et al., 2011) is the latest version of the Hadley Centre Global

Environmental Model developed at the UK Met. Office. Although the full model

contains many components (atmosphere, land surface, ocean, sea ice etc.), this

work is concerned only with the uncoupled atmosphere component, using prescribed

sea-surface temperature (SST) and sea ice fields. The dynamical core (Davies, 2005)
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is non-hydrostatic and fully compressible, with semi-Lagrangian advection and a

hybrid-height vertical coordinate.

The version of the model described here will be referred to as HadGEM3–UKCA-

2010, and is the version used in Chapter 2 and the first part of Chapter 3. A later

version, which includes an updated parameterisation of large-scale scavenging similar

to that described in Section 3.3, is the basis for the rest of the work in this thesis:

this will be referred to as HadGEM3–UKCA-2011.1

Cloud and precipitation

HadGEM3 implements a prognostic cloud scheme (PC2; Wilson et al., 2008) for

large-scale (as opposed to sub-grid-scale convective) cloud. This treats liquid water

content, ice content and (liquid/ice/mixed) cloud fraction as prognostic variables

allowing clouds to evolve and be transported between timesteps. As a one-moment

bulk scheme, there is no tracking of the cloud droplet size distribution; the detailed

microphysics of the large-scale precipitation scheme (Wilson and Ballard, 1999) uses

assumed size distributions based on diagnostic relationships.

Convection, which takes places on sub-grid scales not explicitly resolved by

the model, is parameterised by a mass-flux scheme (Gregory and Rowntree, 1990)

which diagnoses both convective precipitation and vertical transport of tracers and

momentum. In PC2-based configurations, convective cloud cover (e.g. for radiation)

is treated by detraining cloud water into the large-scale cloud scheme, rather than

using a separate convective cloud fraction.

Atmospheric chemistry and aerosols: UKCA

The standard tropospheric chemistry scheme in UKCA (O’Connor et al., 2013) is

used. This includes oxidants (Ox , HOx and NOx) and hydrocarbons (CO, ethane and
1These are based on the standard jobs xeunb and xfxld, using the UKCA code from the

VN7.3_UKCA_MODE_RADAER and VN7.3_MODEBLN_Rad_Indir branches respectively.
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propane) with eight emitted species, 102 gas-phase reactions, 27 photolytic reactions

and interactive wet and dry deposition. An additional aerosol-precursor chemistry

scheme treats the oxidation of sulphur compounds (SO2 and dimethyl sulphide) and

monoterpene to form the sulphuric acid and organic compounds which may condense

to form secondary aerosol material.

The aerosol scheme in UKCA (Mann et al., 2013) is the two-moment modal version

of the Global Model of Aerosol Processes (GLOMAP-mode; Mann et al., 2010),

which follows the M7 framework (Vignati, 2004) in transporting five components

(sulphate, sea-salt, black carbon, particulate organic matter and mineral dust) in

seven internally-mixed log-normal modes (four soluble and three insoluble; not all

components are found in all modes). Because mineral dust is transported by a

separate scheme (Woodward, 2001) in current versions of HadGEM3, only four

components and five modes are enabled in the UKCA configuration of GLOMAP-

mode used here (omitting the two larger insoluble modes which contain only mineral

dust). The representation of aerosol microphysical processes is based on the sectional

GLOMAP-bin scheme (Spracklen et al., 2005), with each process acting sequentially

in an operator-split manner (except nucleation, coagulation and condensation which

are solved iteratively). Transport of aerosol by large-scale dynamics, convection

and boundary-layer mixing is handled by the generic tracer transport scheme in

HadGEM3.

New particle formation by nucleation from gas-phase H2SO4 is calculated fol-

lowing Kulmala et al. (1998). The resulting change in nucleation-mode aerosol is

calculated simultaneously with that due to coagulation between particles, as in Vig-

nati (2004), with coagulation kernels calculated following Seinfeld and Pandis (1998).

Condensation rates are calculated following Fuchs and Sutugin (1971). Soluble mate-

rial which coagulates with, or condenses onto, insoluble particles “ages” a fraction

of these particles, transferring them to the corresponding soluble mode at a rate

consistent with a 10-monolayer coating being required for such a particle to become
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soluble. Soluble particles in clouds larger than a critical size of 37.5 nm can also

grow by aqueous oxidation of dissolved SO2 by O3 and H2O2, whose concentrations

are calculated interactively by the UKCA tropospheric chemistry scheme following

Henry’s law.

All sizes of soluble and insoluble aerosol particles may be removed by dry deposi-

tion and below-cloud impaction scavenging; soluble accumulation- and coarse-mode

particles may also be removed by in-cloud nucleation scavenging. Dry deposition and

gravitational sedimentation are calculated following Slinn (1982) and Zhang et al.

(2001). Below-cloud scavenging follows Slinn (1984), using Beard and Grover (1974)

scavenging coefficients and terminal velocities from Easter and Hales (1983), assum-

ing a modified Marshall-Palmer raindrop size distribution (Sekhon and Srivastava,

1971).

In-cloud scavenging by large-scale precipitation assumes that 100% of the aerosol

in the soluble accumulation and coarse modes is taken up by cloud water in any

3D grid box containing cloud, and is then removed at a rate of 50% over 6 hours.2

(Nucleation, Aitken and insoluble modes are not subject to in-cloud scavenging.)

Aerosol is removed immediately, and is not returned to the atmosphere when rain

evaporates (something which will be investigated further in Section 3.5).

Convective rainfall is treated similarly, but assumes a cloud fraction of 30% and

a conversion rate of 99% over 6 hours in all grid boxes where convective rain is

produced. (This is different to the TOMCAT-based version of GLOMAP-mode,

in which convective scavenging is dependent on the rain rate, while large-scale

scavenging uses a fixed removal timescale of 99.9% over 6 hours.) The scavenged

aerosol is removed from the grid-box mean tracers after the convection scheme

has run – i.e. from the post-convection environmental air at the level where the
2This is the parameterisation used in HadGEM3–UKCA-2010. HadGEM3–UKCA-2011 uses a

revised scheme similar to that described in Section 3.3: aerosol in the soluble accumulation and
coarse modes is only taken up by cloud water in the cloudy fraction of the grid box, from where it
is then removed at the same rate as the large-scale cloud water is converted to rain.
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precipitation formed, rather than the convective updraught itself. This allows a

greater separation of the convection and aerosol schemes, but may limit the ability

of convective scavenging to control vertical transport (as will be discussed further in

Sections 3.4 and 4.5.1).

Configuration and emissions

The model configuration used here is based on a development version of HadGEM3

(atmosphere-only, climatological SST, Met. Office Unified Model version 7.3) at

N96L38 resolution (1.25° latitude × 1.875° longitude × 38 vertical levels up to

∼ 40km) with UKCA in a standard tropospheric chemistry and aerosol configuration

as described above, with aerosol feedbacks disabled.

Sulphur-cycle emissions from a number of sources are included in the model.

Ocean DMS emissions are calculated interactively following Jones and Roberts (2004)

using prescribed concentrations in sea water from Kettle et al. (1999), while DMS

emissions from land are prescribed following Spiro et al. (1992). Volcanic SO2

emissions are prescribed following Andres and Kasgnoc (1998), while anthropogenic

SO2 emissions are prescribed following Lamarque et al. (2010). 2.5% of the SO2

from all sources is assumed to be emitted directly as sulphate aerosol (and thus

already oxidised to SO2−
4 ) rather than into the gas phase. Particulate emissions from

anthropogenic sources are split equally by mass between the soluble accumulation

and coarse modes, where they are emitted with geometric mean diameters of 150 nm

and 1.5µm respectively; those from volcanic sources are split equally by mass between

the soluble Aitken and accumulation modes with geometric mean diameters of 60

and 150 nm respectively.

Carbonaceous aerosol emissions are taken from the AeroCom hindcast inventory

(Diehl et al., 2012), including black and organic carbon emissions from fossil fuel,

biofuel and biomass burning through to the end of 2006. Primary particles use the

AeroCom recommended size distributions (Dentener et al., 2006), as modified by Stier
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et al. (2005), but with biofuel emissions using the same distribution as fossil fuel rather

than biomass burning. Fossil-fuel and biofuel emissions are added to the lowest model

level with a geometric mean diameter of 60 nm, while biomass-burning emissions

have a geometric mean diameter of 150 nm and are distributed uniformly in height

over levels 2 to 12 (∼ 50 m to 3 km, compressed over orography). Emissions from

all these sources are added to the insoluble Aitken mode. Although the simulations

for much of this work begin in 2008, the fossil fuel and biofuel emissions have little

interannual variability and so those for 2006 are simply repeated. Biomass burning,

however, has significant interannual variability; since the emissions inventory does

not cover the required period, the simulations use a monthly climatology derived

from the “modern” portion of the AeroCom hindcast inventory (1997 to 2006), which

is based on monthly-mean emission fields of the Global Fire Emissions Database

(GFED) version 2 (van der Werf et al., 2006).

Bin-resolved sea-salt and mineral dust emissions are calculated interactively,

based on Gong (2003) and Marticorena and Bergametti (1995) respectively. In the

case of sea-salt, bins with dry diameters smaller than 1 µm are emitted into the

soluble accumulation mode, while larger bins are emitted into the soluble coarse

mode.

Additional gas-phase emissions not included in Diehl et al. (2012) but required

by the UKCA chemistry scheme are taken from year 2006 of Representative Concen-

tration Pathway (RCP) 8.5 (Riahi et al., 2011).

1.6.2 ECHAM5–HAM2

ECHAM5 (Roeckner et al., 2003) is the fifth-generation climate model developed at

the Max Planck Institute for Meteorology. It has a spectral dynamical core, solving

prognostic equations for vorticity, divergence, surface pressure and temperature in

spherical harmonics with a triangular truncation. A hybrid sigma/pressure vertical
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coordinate is used. Physical parameterisations are solved on a corresponding Gaussian

grid. Tracer transport is semi-Lagrangian in grid-point space (Lin and Rood, 1996).

Large-scale cloud follows the two-moment scheme of Lohmann et al. (2007) with

modifications by Lohmann and Hoose (2009) and Abdul-Razzak and Ghan (2000)

aerosol activation, with Sundqvist et al. (1989) cloud cover. Convection follows the

mass-flux scheme of Tiedtke (1989), with modifications by Nordeng (1994).

HAM 2.0 (Stier et al., 2005; Zhang et al., 2012) is also a two-moment modal aerosol

scheme based on the M7 framework (Vignati, 2004), transporting five components

(sulphate, sea-salt, black carbon, particulate organic matter and mineral dust) in

seven internally-mixed log-normal modes (four soluble and three insoluble). Unlike

in UKCA, mineral dust in ECHAM5–HAM2 is incorporated into the M7 framework.

Primary BC emissions use a modified version of the AeroCom recommended size

distributions, accounting for the width of the M7 modes. Fossil-fuel and biofuel

emissions are added as a surface flux to the boundary-layer vertical diffusion equations,

while biomass-burning emissions use a biome-dependent vertical profile, as specified

for AeroCom Phase I (Dentener et al., 2006). BC aerosol is initially insoluble, but

can be “aged” by sulphate through condensation and coagulation to become soluble;

in contrast to UKCA only a single monolayer is required.

Dry deposition of soluble and insoluble particles follows Ganzeveld et al. (1998),

modified to use the explicit size distribution from the model, and is applied as

a surface flux to the boundary-layer vertical diffusion along with the emissions.

Below-cloud scavenging is calculated according to the rain and snow fluxes, using

size-dependent collection efficiencies from Seinfeld and Pandis (1998). In-cloud

scavenging assumes that a prescribed fraction of the number and mass of aerosol in

each mode from the cloudy part of each grid box is susceptible to removal, at the

rate at which large-scale cloud water/ice is converted to rain/snow. Scavenging in

convective clouds is coupled with the tracer transport in the mass-flux convection

scheme, and proceeds similarly but removing aerosol from the convective tracer flux
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according to the rate at which water and ice are removed in convective precipitation.

Where (a fraction of) the precipitation in a column evaporates before reaching the

ground, the same fraction of the aerosol removed from the column is returned to the

atmosphere.

The model configuration used here is based on ECHAM 5.5 (atmosphere-only,

AMIP2 prescribed SST) at T63L31 resolution (∼ 1.875° × 31 vertical levels up

to ∼ 10 hPa) with HAM 2.0. Aerosol and precursor emissions are taken from the

AeroCom hindcast inventory (Diehl et al., 2012) for 2006, with biomass-burning

emissions using a 1997 to 2006 climatology as described for HadGEM3–UKCA.

1.7 Aims of this thesis

The effects of atmospheric aerosol on Earth’s climate depend not only on the total

mass of aerosol, but also on its size distribution, mixing state and vertical profile, as

discussed in the previous sections.

With a view to reducing the uncertainty in estimates of the direct and indirect

radiative effects of aerosol, the work presented in this thesis aims to address several

aspects of this dependence. This is approached primarily from a model perspective,

but use is also made of satellite and in-situ aircraft observations to provide constraints

and evaluation.

Chapter 2 aims to quantify the extent to which aerosol is cycled through non-

precipitating cloud (as described in Section 1.3), in order to assess its potential role

in controlling the size distribution and mixing state of aerosol. This is investigated by

analysing simulations with a specially-instrumented configuration of a sophisticated

current-generation global aerosol–climate model (HadGEM3–UKCA), and the results

are compared with previous work to establish whether different models (both simple

and complex) can provide consistent estimates of this process.
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Chapter 3 moves on to look at the influence of precipitating cloud via scavenging

processes, asking to what extent the representation of scavenging by both large-scale

and convective cloud and precipitation can be improved through greater physical

realism, as opposed to tuning parameters. A detailed microphysical scheme is

proposed, and three specific approaches to increased realism within the existing

framework are described and evaluated.

Chapter 4 investigates the use of vertically-resolved in-situ measurements from a

large-scale aircraft campaign to constrain the simulated vertical profile, and thereby

the processes controlling it. The chapter asks to what extent the use of nudging, flight-

track sampling and a pointwise comparison approach can offer robust constraints

on processes in the model. In particular, this approach is applied to evaluate more

thoroughly the largest changes in simulated aerosol from the work on scavenging in

Chapter 3, and also the impact of different inventories for biomass-burning emissions.

Chapter 5 extends the focus on vertical distribution effects, and aims to identify

the principal processes controlling the vertical profile of aerosol through a series

of model-based sensitivity tests. The resulting impact of these processes on the

direct radiative forcing due to anthropogenic aerosol is also assessed. The process

sensitivity tests are also used to ask to what extent the range of explicit physical

processes in a single model can account for the large inter-model diversity in aerosol

vertical profiles.

Finally, Chapter 6 provides a summary of the work in the above chapters and

the main conclusions, along with recommendations for further work.



Chapter 2

A model assessment of cloud
cycling

As discussed in Section 1.3, the cycling of aerosol through cloud may have a significant

impact on the size distribution, composition and mixing state of atmospheric aerosol.

In turn, this may have implications for both the direct radiative effect of aerosol and

its indirect effects via the hydrological cycle. However, the extent of this cycling

process is not well constrained by direct observations.

The work presented in this chapter aims to quantify the extent of this cloud

cycling process, and is inspired by the approach of Pruppacher and Jaenicke (1995):

first calculating the number of times water is cycled through (large-scale) cloud before

precipitating, and then considering the cycling of aerosol through the cloud. However,

while Pruppacher and Jaenicke base their estimate on a simple global budget analysis,

the work presented here aims to quantify the water and aerosol cycling rates based

on simulations using a sophisticated current-generation global aerosol–climate model

(HadGEM3–UKCA). These results are also compared with those of Hoose et al.

(2008a), which were obtained using a different model (ECHAM5–HAM), to assess

the extent to which estimates of cloud cycling are consistent between models.

31
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Figure 2.1: Diagram of the atmospheric water budget, showing evaporation from the
surface, condensation and evaporation of cloud water, precipitation and evaporation
of falling precipitation. (Red represents water vapour; blue represents condensed
water.)

2.1 Method

The experiment described here was carried out using a free-running (non-nudged)

configuration of HadGEM3–UKCA-2010, as described in Section 1.6.1. The model

was spun up for three months from 1 September 1999, with results taken over the

following 12 months (December 1999–November 2000 inclusive).

To diagnose both the water and aerosol cycling rates, additional diagnostics had

to be implemented into the model, as described in the following sections.

2.1.1 Diagnosing the cloud water cycle

Following Pruppacher and Jaenicke (1995), the number of re-evaporation cycles is

given by the ratio of evaporation of cloud water to precipitation reaching the surface

(see the diagram of the atmospheric water budget in Figure 2.1). The latter is

easily obtained from standard model output; for large-scale cloud the former can be
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Table 2.1: Processes from which increments to water vapour and cloud variables
are obtained in the PC2 cloud scheme (Wilson et al., 2008)

Pure transport
adv advection by large-scale dynamics

Pure phase change
rad radiation
exp adiabatic expansion due to large-scale ascent
init cloud initiation
chk bounds checking

Complex processes
conv convection
lsp large-scale precipitation
bl boundary layer

calculated by separating out the water vapour increments due to phase changes in

the atmosphere (as opposed to transport or surface fluxes). Because convective cloud

only exists transiently within the model, there are no readily-available diagnostics

for the evaporation of sub-grid-scale convective cloud (although those for convective

precipitation will be introduced in Section 3.5); thus only cycling through large-scale

cloud is considered in this analysis.

In the PC2 cloud scheme, prognostic variables for (grid-box mean) water vapour

(q), liquid (qcl) and ice (qcf) evolve through increments from each of the dynamical

and physical processes in the model (Wilson et al., 2008):

∂qx
∂t

= ∂qx
∂t

∣∣∣∣∣
adv︸ ︷︷ ︸

pure transport

+ ∂qx
∂t

∣∣∣∣∣
rad

+ ∂qx
∂t

∣∣∣∣∣
exp

+ ∂qx
∂t

∣∣∣∣∣
init

+ ∂qx
∂t

∣∣∣∣∣
chk︸ ︷︷ ︸

pure phase change

+ ∂qx
∂t

∣∣∣∣∣
conv

+ ∂qx
∂t

∣∣∣∣∣
lsp

+ ∂qx
∂t

∣∣∣∣∣
bl︸ ︷︷ ︸

complex processes

,

(2.1)

for qx ∈ {q, qcl, qcf}, where the labels on the terms are defined in Table 2.1. A detailed

analysis of the increments from the various processes is presented in Morcrette and

Petch (2010); here they are simply used to obtain condensation and evaporation

rates for cloud water.
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The first term (advection by the large-scale model dynamics) is a pure transport

process which does not correspond to any evaporation or condensation of cloud, only

its transport from one grid box to another (and thus conserves globally integrated

qx). This can be ignored when calculating the condensation/evaporation rate.

The next four terms (radiation, adiabatic expansion due to large scale ascent,

cloud initiation1 and bounds checking2) represent pure phase change processes (and

thus conserve total grid-box water q + qcl + qcf). Thus each process P contributes

(E − C)|P = ∂q

∂t

∣∣∣∣∣
P

= − ∂qcl

∂t

∣∣∣∣∣
P

− ∂qcf

∂t

∣∣∣∣∣
P

(2.2)

to the net (evaporation − condensation) rate. (Sublimation and deposition of ice

cloud are thus included, as if they occurred via the liquid phase.)

The final three terms (convection, large-scale precipitation and the boundary layer)

represent more complex schemes which include both phase change and transport or

surface exchange processes:

• Convective cloud water and ice are considered transient in the model, as

described in Section 1.5.1; they do not appear in qcl or qcf, except for that

which is detrained from the convective plumes as large-scale cloud (though

detrainment to the large scale scheme followed by evaporation may well represent

the main evaporation pathway for convective cloud water in the model). From

a large-scale perspective, there is a vertical transport of water vapour (and

possibly cloud water or ice if they are entrained) in the convective plumes,

a sink of this water to the surface in convective precipitation, a downward

transport due to subsidence to balance the upward mass flux in the plumes,
1This is a closure term which increases the cloud fraction from 0 when the relative humidity

exceeds a threshold value so that cloud can start to form. Similarly, cloud fraction is decreased
from 1 when the relative humidity drops below the threshold value.

2Small adjustments may be made to the qx and Cx prognostics to ensure physical consistency,
for example by evaporating any liquid water where Cl = 0.
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and condensation where water or ice is detrained:

∂qx
∂t

∣∣∣∣∣
conv

= ∂qx
∂t

∣∣∣∣∣conv
plume

+ ∂qx
∂t

∣∣∣∣∣conv
precip

+ ∂qx
∂t

∣∣∣∣∣conv
subsidence︸ ︷︷ ︸

transport

+ ∂qx
∂t

∣∣∣∣∣conv
detrain︸ ︷︷ ︸

phase change

. (2.3)

Because the individual contributions of these processes are not easily separable

in the model diagnostics, it is assumed that the contributions from entrainment

and subsidence of large-scale water and ice are small, and thus

(E − C)|conv ≈ −
∂qcl

∂t

∣∣∣∣∣
conv
− ∂qcf

∂t

∣∣∣∣∣
conv

. (2.4)

This approximation is not ideal, and could certainly be improved on in the

context of a more detailed approach to convective diagnostics which would also

allow analysis of condensation–evaporation cycling in convective cloud.

• The large-scale precipitation scheme includes increments to qx due to falling or

gravitational settling of water and ice (i.e. downward transport of qcl and qcf, but

not q), in-cloud freezing and melting (exchange between qcl and qcf), removal of

water and ice as precipitation (loss of qcl and qcf), ice deposition (conversion of

q to qcf) and evaporation/sublimation (conversion of qcl, qcf or rain to q). Thus,

although qcl and qcf are subject to transport and surface exchange processes,

the only increments to q are due to evaporation and deposition/sublimation of

ice:

∂q

∂t

∣∣∣∣∣
lsp

= ∂q

∂t

∣∣∣∣∣lsp
evap
cloud

+ ∂q

∂t

∣∣∣∣∣lsp
evap
rain

+ ∂q

∂t

∣∣∣∣∣lsp
dep
ice

+ ∂q

∂t

∣∣∣∣∣lsp
sub
ice︸ ︷︷ ︸

phase change

, (2.5)
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and thus the contribution can be calculated as

(E − C)|lsp = ∂q

∂t

∣∣∣∣∣
lsp

. (2.6)

• The boundary layer scheme includes increments from surface exchange (prin-

cipally evaporation of surface water), turbulent mixing (transport of qx) and

condensation resulting from adiabatic expansion during this mixing:

∂q

∂t

∣∣∣∣∣
lsp

= ∂q

∂t

∣∣∣∣∣bl
surface

+ ∂q

∂t

∣∣∣∣∣bl
mixing︸ ︷︷ ︸

transport

+ ∂q

∂t

∣∣∣∣∣bl
cond︸ ︷︷ ︸

phase change

. (2.7)

Additional diagnostics have been added to isolate this third term, so that the

boundary layer contribution can be calculated as

(E − C)|bl = ∂q

∂t

∣∣∣∣∣bl
cond

= − ∂qcl

∂t

∣∣∣∣∣bl
cond

− ∂qcf

∂t

∣∣∣∣∣bl
cond

. (2.8)

Thus the net (evaporation− condensation) rate of large-scale cloud in each grid

box can be calculated as:3

(E − C) ≈ − ∂qcl

∂t

∣∣∣∣∣
rad
− ∂qcf

∂t

∣∣∣∣∣
rad

+ ∂q

∂t

∣∣∣∣∣
exp

+ ∂q

∂t

∣∣∣∣∣
init

+ ∂q

∂t

∣∣∣∣∣
chk

− ∂qcl

∂t

∣∣∣∣∣
conv
− ∂qcf

∂t

∣∣∣∣∣
conv

+ ∂q

∂t

∣∣∣∣∣
lsp

+ ∂q

∂t

∣∣∣∣∣bl
cond

. (2.9)

In grid boxes where this is positive, evaporation is diagnosed; where it is negative,

condensation. It is tempting to split the contribution from each process separately

into positive (evaporation) and negative (condensation) components in an attempt to

capture at least some cases where both occur in the same grid box. However, doing so

appears misguided since a warming process (e.g. absorption of solar radiation) might
3−∂qcl

∂t |rad − ∂qcf
∂t |rad is used instead of ∂q∂t |rad due to technical issues with model diagnostics;

theoretically they should be equivalent.
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actually inhibit the condensation due to a cooling process (e.g. adiabatic expansion),

rather than evaporating the water after it condenses.

2.1.2 Diagnosing cycling of aerosol through clouds

It is somewhat harder to diagnose the rate at which aerosol particles in HadGEM3–

UKCA are cycled through cloud, since there is no prognostic treatment of the split

between in-cloud and interstitial aerosol; thus there are no increments which can

be analysed as for the water cycle. Instead, this split is defined diagnostically,

following the approach of the in-cloud nucleation scavenging parameterisation: a

fixed scavenging ratio αM is defined for each mode M , so that the in-cloud fraction

of both number and mass in that mode is given by CαM where C is the grid-box

cloud fraction; the in-cloud mass of aerosol species i is then

m(i)
c =

∑
M∈M

CαMm
(i)
M , (2.10)

whereM is the set of aerosol modes and m(i)
M is the mass of aerosol species i in mode

M . In standard configurations,

αM =


1 for the soluble accumulation and coarse modes

0 for all other modes,
(2.11)

i.e. in the presence of cloud all aerosol in these two modes is considered to be taken up

into the cloud water, while all aerosol in other modes is considered to be interstitial.

(Most of the budget analysis which follows is focused on aerosol mass; however a

number budget can be constructed similarly.)

Differentiating, the change of this diagnosed in-cloud aerosol mass is

∂m(i)
c

∂t
=

∑
M∈M

αM

m(i)
M

∂C

∂t
+ C

∂m
(i)
M

∂t

 , (2.12)
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splitting it into changes due to changing cloud cover and aerosol microphysics.

(Because the diagnosed in-cloud aerosol fraction depends on cloud fraction but not

cloud water content, there is no change due to condensation or evaporation unless the

cloud fraction changes; this would not be the case for a fully prognostic treatment of

in-cloud aerosol.)

The change in cloud cover can be diagnosed similarly to the evaporation and

condensation rates, by taking the non-transport increments to C from PC2:

∂C

∂t

∣∣∣∣∣
non-transport

≈ ∂C

∂t

∣∣∣∣∣
rad

+ ∂C

∂t

∣∣∣∣∣
exp

+ ∂C

∂t

∣∣∣∣∣
init

+ ∂C

∂t

∣∣∣∣∣
chk

+ ∂C

∂t

∣∣∣∣∣
conv

+ ∂C

∂t

∣∣∣∣∣
lsp

+ ∂C

∂t

∣∣∣∣∣bl
cond

(2.13)

(again assuming the transport component of the convective increment is small).

Increasing cloud cover implies take-up of aerosol in the newly-cloudy fraction of the

grid-box, while decreasing cloud cover implies release in the newly-clear fraction.

(This makes two implicit assumptions: that the cloud fraction changes are due to

evaporation of cloud regions or condensation in clear air, rather than the bodily

expansion or contraction of existing cloud; and that the aerosol population is uniformly

distributed the over grid box. The latter of these is already assumed by many parts

of the GLOMAP-mode aerosol scheme, although the former is not.)
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Table 2.2: Processes in UKCA affecting the mass of each aerosol component in
each mode.

Source processes
prim primary particle emissions
nucl nucleation of new sulphate particles from the gas phase
cond condensation of sulphate and organics onto existing particles
wetox aqueous oxidation of SO2 to form sulphate aerosol in cloud droplets

Removal processes
dry dep dry deposition and sedimentation
nuc scav in-cloud nucleation scavenging (rainout)
imp scav below-cloud impaction scavenging (washout)

Inter-modal processes
coag coagulation of aerosol particles
age ageing of insoluble particles to become soluble
merge redistribution of large particles to the next mode

The changes due to aerosol microphysics can be split according to the individual

processes (described in the paragraphs which follow):

∂m
(i)
M

∂t

∣∣∣∣∣∣
non-transport

= ∂m
(i)
M

∂t

∣∣∣∣∣∣
prim

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
nucl

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
cond

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
wetox︸ ︷︷ ︸

source processes

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣dry
dep

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣nuc
scav

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣imp
scav︸ ︷︷ ︸

removal processes

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
coag

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
age

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
merge︸ ︷︷ ︸

inter-modal processes

, (2.14)

where the labels on the terms are defined in Table 2.2. However, the contribution of

these processes to aerosol take-up or release needs considering carefully.

With the exception of aqueous (in-cloud) oxidation, the source processes (primary

emissions, nucleation and condensation) are straightforward: a fraction CαM of the

aerosol produced in each mode M is assumed to be taken up into the cloud. Wet
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oxidation, however, can only take place in-cloud; thus the full amount produced is

assumed to be taken up, but a fraction (1− CαM ) immediately released to preserve

the model’s assumption that aerosol is distributed uniformly throughout the grid

box and thus close the budget.

Aerosol removed by dry deposition is assumed to be interstitial; thus the fraction

CαM implicitly removed from the diagnostic in-cloud aerosol mass is assumed to be

released immediately prior to removal. (In fact, the dry deposition term also includes

a vertical transport component due to gravitational settling; this is not currently

diagnosed separately and, like the transport component of the convective qx and C

increments, assumed to be small. It should, however, be treated by considering the

change in scavenged fraction across the grid-box boundary.)

Nucleation scavenging, like wet oxidation, can only take place in-cloud; thus

the fraction (1− CαM) implicitly removed from the diagnostic interstitial aerosol is

assumed to be taken up immediately prior to removal. (This is particularly important

where convective scavenging occurs but there is little large-scale cloud.) Impaction

scavenging may remove either interstitial or in-cloud aerosol; no take-up or release is

inferred, but separate diagnostics are introduced to identify the contribution to the

in-cloud aerosol budget.

The inter-modal processes (coagulation, ageing and mode-merging) are assumed

to take up or release aerosol if the scavenging ratios for the source and destination

modes differ: for a transfer from M ′ to M ,

∂m(i)
c

∂t

∣∣∣∣∣
M ′→M

= (αM − αM ′)
∂m

(i)
M

∂t

∣∣∣∣∣∣
M ′→M

. (2.15)

(This implicitly assumes that the aerosol undergoing these processes is uniformly

distributed between the clear and cloudy parts of the grid box – in general this may

not be realistic, but it is consistent with the formulation of other elements of the

aerosol scheme.) It should be noted that, in practice, these processes can never
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release aerosol from cloud, as they always move particles to a larger or more-soluble

mode (which thus has a greater or equal scavenging ratio).

Putting all these terms together, the total rates of aerosol take-up into, and

release from, cloud water are given by:

T (i) =
∑
M∈M

αMm(i)
M

 ∂C
∂t

∣∣∣∣∣
non-transport

+

︸ ︷︷ ︸
take-up due to increasing cloud fraction

+ CαM

 ∂m(i)
M

∂t

∣∣∣∣∣∣
prim

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
nucl

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
cond


︸ ︷︷ ︸

take-up due to interstitial sources

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣
wetox︸ ︷︷ ︸

take-up due to
in-cloud sources

+ (1− CαM) ∂m
(i)
M

∂t

∣∣∣∣∣∣
nuc scav︸ ︷︷ ︸

take-up due to
in-cloud removal

+
∑

M ′∈M
αM′<αM

(αM − αM ′)

 ∂m(i)
M

∂t

∣∣∣∣∣∣coag
M ′→M

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣age
M ′→M

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣merge
M ′→M


︸ ︷︷ ︸

take-up due to inter-modal processes



(2.16)

and

R(i) =
∑
M∈M

− αMm(i)
M

 ∂C
∂t

∣∣∣∣∣
non-transport

−
︸ ︷︷ ︸

release due to decreasing cloud fraction

+ (1− CαM) ∂m
(i)
M

∂t

∣∣∣∣∣∣
wetox︸ ︷︷ ︸

release due to
in-cloud sources

+CαM
∂m

(i)
M

∂t

∣∣∣∣∣∣
dry dep︸ ︷︷ ︸

release due to
interstitial removal

+

((((((((((((((((((((((((((((((((((∑
M ′∈M
αM′>αM

(αM ′ − αM)

 ∂m(i)
M

∂t

∣∣∣∣∣∣coag
M ′→M

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣age
M ′→M

+ ∂m
(i)
M

∂t

∣∣∣∣∣∣merge
M ′→M


︸ ︷︷ ︸

release due to inter-modal processes, =0 as explained in text

,

(2.17)
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where [. . .]± are positive/negative clipping operators:

[X]+ =


X X ≥ 0

0 X ≤ 0
and [X]− =


X X ≤ 0

0 X ≥ 0,
(2.18)

such that the in-cloud aerosol budget is

∂m(i)
c

∂t

∣∣∣∣∣
non-transport

= T (i) −R(i) + ∂m(i)
c

∂t

∣∣∣∣∣nuc
scav

+ ∂m(i)
c

∂t

∣∣∣∣∣imp
scav

. (2.19)

2.2 Results

Figure 2.2 and Table 2.3 show the global-mean large-scale cloud water budget over

the year, calculated as described above from HadGEM3–UKCA and compared with

the results of Hoose et al. (2008a), obtained using the ECHAM5–HAM model, as

well as the simple global budget estimates of Pruppacher and Jaenicke (1995), from

where the notation used originates. From this, it appears that approximately as

much large-scale cloud water is lost to evaporation as to precipitation in HadGEM3–

UKCA. Although all three precipitation rates are very similar, the condensation

and evaporation rates are not: Hoose et al. find twice as much evaporation as

precipitation, and Pruppacher and Jaenicke estimate three times as much. While the

estimate of cloud water lifetime with respect to precipitation from HadGEM3–UKCA

(τc,p = TWP/P = 2.0 h) is in the same range as the other estimates, the cloud water

cycling rate (Ev,c/P = 0.91 times) is about half (and the lifetime with respect to

evaporation about four times) that of Hoose et al.; the cycling rate is even further

from that of Pruppacher and Jaenicke.

Figure 2.3 shows the budgets for in-cloud and total mass of each aerosol compo-

nent. From the total-aerosol budgets, it appears that large-scale in-cloud nucleation

scavenging dominates the removal of sulphate (SU) and organic carbon (OC) mass,
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Figure 2.2: Comparison of global annual large-scale cloud water budget and cycling
rate as simulated by HadGEM3–UKCA-2010 with estimates derived from ECHAM5–
HAM (Hoose et al., 2008a) and global budget arguments (Pruppacher and Jaenicke,
1995, P&J). (TWP = total water path, i.e. liquid plus ice, in g m−2. Fluxes are in
g m−2 h−1.)

Table 2.3: Comparison of global annual cloud water budget, timescales and cycling
rate as simulated by HadGEM3–UKCA-2010 with previous estimates derived from
ECHAM5–HAM (Hoose et al., 2008a) and global budget arguments (Pruppacher
and Jaenicke, 1995)

P&Ja Hooseb HadGEM3–UKCAc

TWP / g m−2 136 64 105
P / g m−2 h−1 57 55 52
Cv,c / g m−2 h−1 206 155 99
Ev,c / g m−2 h−1 148 100 47
Ev,c / Cv,c 0.72 0.64 0.48
Ev,c / P 2.6 1.8 0.91
τc,p / h 2.4 1.2 2.0
τc,e / min 55 38 133

TWP total water path (liquid + ice)
P large-scale precipitation rate at surface
Cv,c condensation rate of cloud water
Ev,c evaporation rate of cloud water and precipitation
τc,p lifetime of cloud water with respect to precipitation, = TWP/P
τc,e lifetime of cloud water with respect to evaporation, = TWP/Ev,c

aPruppacher and Jaenicke (1995), recalculated for stratiform clouds only following Hoose et al.
(2008a).

bHoose et al. (2008a), using ECHAM5–HAM with a prognostic in-cloud aerosol scheme, for all
stratiform clouds.

cDiagnosed from HadGEM3–UKCA as described in the text, for all stratiform clouds.
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and to a lesser extent black carbon (BC), while dry deposition is the dominant

removal process for sea-salt (SS). This is broadly consistent with the analysis of

removal rates for the AeroCom Phase I models in Textor et al. (2006, §7 and Fig. 5).

In terms of sources, primary emissions are the only source of sea-salt and black

carbon, while condensation of organic vapours provides a secondary but significant

source of organic carbon; for sulphate, however, primary emissions play only a small

role and in-cloud oxidation of SO2 is the dominant source, followed by condensation

of H2SO4 vapour. The in-cloud budgets show that more in-cloud aerosol is released

by evaporating cloud than is removed by scavenging processes, with the possible

exception of sea-salt where the split is almost even. This suggests a strong role for

cloud processing in determining the nature and distribution of atmospheric aerosol.

There are small residuals in both the diagnosed cloud water and aerosol budgets,

which do not always match the net change over the year; these may in part be due to

the approximate treatment of some processes, as discussed in the preceding sections.

However they are in general small compared to the dominant processes in the water

and aerosol cycles, so any impact on the results presented here should be minor.

Figure 2.4 and Table 2.4 compare these results for aerosol to those of Hoose

et al. (2008a) and Pruppacher and Jaenicke (1995), as was done above for cloud

water. The aerosol cloud cycling rate (EAP,c/SAP = 0.17) is also much lower – less

than half that of Pruppacher and Jaenicke (1995), and just over a quarter that

of Hoose et al. (2008a). The total aerosol mass source (12040 Tg yr−1) is more

than 50% larger than that used by Hoose et al. (2008a), while the mass released by

evaporation (EAP,c = 2006 Tg yr−1) is about half. The former is in spite of the fact

that the HadGEM3–UKCA figure does not include mineral dust, which is handled

by a separate scheme from other aerosol; the latter may be partially explained by

the lack of release due to evaporation of rain (which probably explains the lower

EAP,c/CAP,c) and a much larger below-cloud scavenging rate, as well as reduced

take-up into the cloud water.
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Figure 2.3: Global-mean budgets for in-cloud (left) and total (right) mass of
each aerosol component for one year, as simulated by HadGEM3–UKCA-2010.
(SU=sulphate; SS=sea-salt; BC=black carbon; OC=organic carbon. Mineral dust is
not included, as it never interacts with cloud in the model.)
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Table 2.4: Comparison of global annual total and in-cloud aerosol budget, timescales
and cycling rate as simulated by HadGEM3–UKCA-2010 with estimates derived from
ECHAM5–HAM (Hoose et al., 2008a) and global budget arguments (Pruppacher
and Jaenicke, 1995)

P&Ja Hooseb HadGEM3–UKCAc

mAP / Tg 3 34.9d 8.02
mAP,ic / Tg − − 0.964
CAP,c / Tg yr−1 1072 5596 4167
EAP,c / Tg yr−1 775 4027 2006
Wdep,ic / Tg yr−1 297 1570 1059
Wdep,bc / Tg yr−1 74 237 970
Wdep / Tg yr−1 371 1826 2030
Ddep / Tg yr−1 1639.e 5750.e 9760
SAP / Tg yr−1 2000 7576 12040
EAP,c / CAP,c 0.72 0.72 0.48
EAP,c / SAP 0.4 0.53 0.17
τAP,p / h 71 167 34.7
τAP,e / h 34 75.9 35.1
τAP,d / h 16 53.1 7.2
τAP,ic,p / h − − 7.98
τAP,ic,e / h − − 4.21

mAP total mass of aerosol
mAP,ic total mass of in-cloud aerosol
CAP,c take-up rate of aerosol into cloud water
EAP,c release rate of aerosol from cloud water
Wdep,ic in-cloud scavenging rate of aerosol
Wdep,bc below cloud scavenging rate of aerosol
Ddep dry deposition rate of aerosol
Wdep total scavenging rate of aerosol, = Wdep,ic +Wdep,bc
SAP total aerosol source (from primary emissions and secondary production)
τAP,p lifetime of aerosol with respect to precipitation, = mAP/Wdep
τAP,e lifetime of aerosol with respect to evaporation, = mAP/EAP,c
τAP,d lifetime of aerosol with respect to dry deposition, = mAP/Ddep
τAP,ic,p lifetime of in-cloud aerosol with respect to precipitation, = mAP,ic/Wdep,ic
τAP,ic,e lifetime of in-cloud aerosol with respect to evaporation, = mAP,ic/EAP,c

aPruppacher and Jaenicke (1995), recalculated for stratiform clouds only following Hoose et al.
(2008a).

bHoose et al. (2008a), using ECHAM5–HAM with a prognostic in-cloud aerosol scheme, for all
stratiform clouds.

cDiagnosed from HadGEM3–UKCA as described in the text, for all stratiform clouds. Mineral
dust is not included in the aerosol figures, as it is treated separately from UKCA, and does not
interact with cloud.

dtreating sulphate aerosol as H2SO4, as in UKCA
eThese figures are not given, but assuming a closed budget in equilibrium SAP = Wdep +Ddep.
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Figure 2.4: Comparison of global annual total and in-cloud aerosol budget and
cycling rate as simulated by HadGEM3–UKCA-2010 with estimates derived from
ECHAM5–HAM (Hoose et al., 2008a) and global budget arguments (Pruppacher
and Jaenicke, 1995, P&J). Fluxes are given in Tg yr−1 over the globe.

It is worth noting that these figures vary significantly for different aerosol species,

as shown in Figure 2.5 and Table 2.5. In particular, it appears that the low cycling

rate obtained from HadGEM3–UKCA is dominated by the behaviour of sea-salt,

which comprises over 97% of the total aerosol mass source but is mostly removed

quickly by dry deposition so that it accounts for less than half the total mass burden.

The other species show much larger cycling rates, with the non-speciated estimate of

Pruppacher and Jaenicke (1995) well within the range spanned by the cycling rates

of the different species in HadGEM3–UKCA.

This dominance of sea-salt in the total aerosol emissions may be exacerbated

in HadGEM3–UKCA by the operator-splitting of emissions and dry deposition,

compared to a model such as ECHAM5–HAM where both processes act together as

a net surface flux in the boundary-layer mixing scheme. Operator-splitting (where

the equations describing the two processes are discretised sequentially within each

timestep, rather than being applied simultaneously) works on the assumption that

the model timestep is short compared to the timescales of the processes involved;



48 CHAPTER 2. A MODEL ASSESSMENT OF CLOUD CYCLING

328 (273%)
1534 (13%)
11.1 (141%)

414 (345%)
3543 (30%)
18.0 (228%)

97 (81 %
)

91
4 (8 %

)
4.1

7 (5
3%

)

Sulphate
Sea salt

Black carbon

Take-up C
AP

Re-suspension E
AP

In-cloud
wet deposition 

W
dep,ic

2.74×
0.13×

1.40×

1
20

11
84

1
7

.8
8

Sources 
S

AP

2 (2%
)

966
 (8 %

)
0.20 (2 %

)
Below-cloud

wet deposition 
W

dep,bc

11 (9%
)

97
29 ( 82

%
)

2.96 (3 8
%

)

Dry deposition 
D

dep71
.5

134 (187%)192 (269%)

Organic carbon
44

.5 (6 2%
)

2.2
 (3%

)

17
.9 (2

5%
)

1.87×

Figure 2.5: As Figure 2.4 for HadGEM3–UKCA-2010, for each aerosol component.
(SU=sulphate; SS=sea-salt; BC=black carbon; OC=organic carbon. Mineral dust
is not included, as it never interacts with cloud in the model. Fluxes are given in
Tg yr−1 over the globe.)

Table 2.5: As Table 2.4 for HadGEM3–UKCA-2010, for each aerosol component.
(SU=sulphate; SS=sea-salt; BC=black carbon; OC=organic carbon. Mineral dust is
not included, as it never interacts with cloud in the model.)

SU SS BC OC
mAP / Tg 1.89 4.72 0.114 1.30
mAP,ic / Tg 0.153 0.755 0.00466 0.0515
CAP,c / Tg yr−1 414 3543 18.0 192
EAP,c / Tg yr−1 328 1534 11.1 134
Wdep,ic / Tg yr−1 97 914 4.17 44.5
Wdep,bc / Tg yr−1 2.22 966 0.196 2.19
Wdep / Tg yr−1 99 1880 4.37 46.7
Ddep / Tg yr−1 10.6 9729 2.96 17.9
SAP / Tg yr−1 120 11841 7.88 71.5
EAP,c / CAP,c 0.79 0.43 0.62 0.70
EAP,c / SAP 2.74 0.13 1.40 1.87
EAP,c / Wdep,ic 3.39 1.68 2.65 3.01
τAP,p / h 168 22.0 228 243
τAP,e / h 50.7 27.0 90.2 84.9
τAP,d / h 1566 4.25 336 635
τAP,ic,p / h 13.9 7.24 9.79 10.1
τAP,ic,e / h 4.10 4.32 3.70 3.37
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however, the global-mean dry deposition timescale for sea-salt (τAP,d) is only 4.25 h,

which is 81/2 model timesteps in this configuration. In some regions the timescale

may be significantly shorter, calling this assumption into question. It is thought

that such an operator-splitting failure may also be responsible for anomalously high

sea-salt concentrations found around certain coastlines in this version of the model

(C. E. Johnson, pers. comm.)

Overall aerosol cloud cycling rates calculated in this way are thus heavily de-

pendent on the relative emissions of the different species – a factor which is not

considered in the simple analysis of Pruppacher and Jaenicke (1995) where a homo-

geneous aerosol population is assumed. Although Hoose et al. (2008a) use a model

which treats the different aerosol species explicitly, they do not discuss their different

cloud-cycling rates. In an extension of that work to convective cycling, however,

Croft (2011, ch. 4) observes a similar variation, with sea-salt (and dust, which does

not interact with cloud in UKCA at present) undergoing significantly fewer cloud

cycles than sulphate and carbonaceous aerosol.

2.3 Summary and conclusions

This chapter aimed to quantify the extent to which aerosol is cycled through large-

scale cloud, in order to assess its likely role in controlling the size distribution and

mixing state of aerosol in the atmosphere, and to compare the results with previous

work to establish how consistent such estimates are between different studies.

This was achieved by developing a method to diagnose the rates at which water

and aerosol are cycled through large-scale cloud in the HadGEM3–UKCA model.

For water, this was done using the increments to water vapour, liquid water and ice

from the various evaporation and condensation processes in the prognostic cloud

scheme. However, because there is no prognostic representation of aerosol taken up

by cloud water, the aerosol cycling rate must be calculated differently – this was done
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following the diagnostic assumptions about the split between in-cloud and interstitial

aerosol used by the scavenging scheme.

The results obtained here were compared with those of Hoose et al. (2008a) from

the ECHAM5-HAM model, and the simple global budget argument of Pruppacher

and Jaenicke (1995). While the global precipitation rates are quite consistent (being

both energetically constrained and likely to have been tuned in the models), the

water cycling rate (i.e. the average number of times cloud water evaporates and

re-condenses in a new cloud, before falling as precipitation) is less constrained and

varies considerably between the models: HadGEM3–UKCA gave 0.96, compared

with 1.8 from Hoose et al. (2008a) and 2.6 from Pruppacher and Jaenicke (1995).

HadGEM3–UKCA also gave a lower total cycling rate for aerosol: 0.17, compared

to 0.53 (Hoose et al., 2008a) and 0.4 (Pruppacher and Jaenicke, 1995). However,

the figure for HadGEM3–UKCA varied considerably between the different aerosol

components, from 0.13 for sea-salt (removal of which is dominated by dry deposition)

to 2.74 for sulphate (dominated by wet deposition, and where in-cloud production

is a major source). This range is considerably larger than the spread in the three

estimates of all-aerosol cycling, suggesting that differences in the relative proportion

of different aerosol types may account for some of this spread.

The analysis presented here only considered cycling through large-scale cloud,

as opposed to parameterised sub-grid-scale convective cloud. However, from the

modelling perspective, the split between these is somewhat arbitrary and resolution-

dependent. The figures given in Pruppacher and Jaenicke (1995) suggest that the

cycling rates are likely to be considerably higher if convective clouds are included

(presumably due to the many short-lived non-precipitating shallow cumulus clouds).

Unfortunately, however, diagnostics for the condensation and evaporation of convec-

tive cloud water (which only exists transiently, rather than as a prognostic variable)

are not readily available in the model used here.



Chapter 3

Improving the physical
representation of scavenging in
HadGEM3–UKCA

Having considered the role of non-precipitating cloud in processing atmospheric

aerosol via cloud cycling in Chapter 2, this chapter moves on to consider the influence

of precipitating cloud via scavenging and wet deposition. Chapter 1 alluded to

some shortcomings of the current scavenging scheme in HadGEM3–UKCA; these

are first discussed in more detail, and then a more physically-detailed approach is

derived, aiming for consistency with the large-scale precipitation scheme. This is

partly motivated by a desire to investigate the extent to which such a scheme can

give improved predictions of global aerosol distributions (particularly with regard to

long-range transport) on a physical basis, without a heavy reliance on empirically-

tuned coefficients. Such an approach requires significant complexity, however, and

consideration is then given to how significant improvements can be made while

retaining much of the simplicity of the existing framework.

51
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3.1 Problems with the current scheme

The current aerosol scavenging scheme in HadGEM3–UKCA-2010 (the same model

version used in Chapter 2) is quite simplistic in its representation of the interactions

between aerosol, cloud and precipitation. In particular:

• Nucleation scavenging assumes a fixed proportion of each mode is taken up by

the cloud water; this proportion is the same for mass and number (equivalent

to scavenging uniformly across the size spectrum of the mode), and is not

dependent on a detailed parameterisation of droplet activation.

• Nucleation scavenging assumes a fixed removal timescale in any 3D grid-box

where rain is formed (i.e. flux out > flux in); no account is taken of the cloud

fraction or precipitation rate, although these are readily available from the

cloud and precipitation schemes.

• Impaction scavenging by cloud droplets is ignored, although this is understood

to be an important removal mechanism for particles too small to act as CCN

or IN.

• Neither nucleation nor impaction scavenging by snow is considered; the former

incorrectly occurs where snow melts to form rain.

• Scavenged aerosol contained in evaporating precipitation is not returned to

the atmosphere; this may lead to removal being too fast, and also ignores a

mechanism for downward transport.

• Convective transport and scavenging are operator-split, such that aerosol can be

transported above the level at which it should be scavenged and detrained before

the scavenging scheme sees it; this may slow down removal and exaggerate

upward transport.
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The tropospheric chemistry component of UKCA (O’Connor et al., 2013) also

implements in-cloud scavenging for trace gases; while there are intrinsic differences

because the mechanism of take-up into cloud water is different from that for aerosol,

and unavoidable differences due to the different numerical formulation of the chemistry

and aerosol schemes, there are several apparently arbitrary differences in the treatment

of precipitation microphysics in the two schemes, summarised in Table 3.1. In a

coupled chemistry–aerosol scheme such as UKCA, it is clearly desirable that both

should interact with precipitation in a consistent way.

3.2 An improved, microphysically-consistent scheme

The goal of the scheme presented here is to treat wet deposition of chemical and

aerosol species by large-scale precipitation in a consistent way, taking account of the

detailed microphysical processes diagnosed by the large-scale precipitation scheme.

It should also be implemented such that it can interface with the convection scheme

in the future (with the addition of the necessary hooks and additional diagnostics

therein) to provide consistent convective scavenging.

The PC2 large-scale cloud scheme (Wilson et al., 2008) used in HadGEM3

partitions each grid box into clear, liquid, ice and mixed-phase volume fractions

(C0, Cl, Ci and Cmp respectively). The precipitation scheme (Wilkinson et al., 2009)

adds a rain volume fraction CR which overlaps with these (in a well-defined order of

preference: Cl → Cmp → Ci → C0).

The water in the grid box is split into vapour, liquid cloud, ice crystals, snow

aggregates, rain and graupel (q, qcl, qcfc, qcfa, qR, and qgraup respectively). In typical

climate configurations, only q, qcl and a combined qcf = qcfc + qcfa exist as prognostics,

and graupel is turned off completely; however, there are options for prognostic rain,

separate ice/snow prognostics and (prognostic) graupel. (This is assuming PC2 is

in use; if PC2 is turned off, even qcl is not prognostic, but is diagnosed based on
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Table 3.1: Differences between the chemistry and aerosol in-cloud scavenging
schemes in HadGEM3–UKCA-2010

Chemistry
(O’Connor et al., 2013)

Aerosols
(Mann et al., 2010, 2013)

Formulation
of parent
scheme

Updating Process rate calculated
and solved in parallel
with other chemical pro-
cesses.

Process directly updates
tracer amount in a se-
quential fashion.

Grid Working on 3D arrays. Working on 1D arrays.
Intrinsic
differences

Aqueous
fraction

Henry’s law for chemical
species, using fixed cloud
liquid water content.

Prescribed scavenging
coefficient for aerosol
mode.

Arbitrary
differences

Relation to
precipitation
rate Pk out
of layer

Empirical linear relation
of removal rate to

kmax∑
k′=k

Pk′ .

(counting precipitation
from higher levels mul-
tiple timesa).

Prescribed removal
timescale applied where
any rain is formed (i.e.
Pk > Pk+1).

Convection Large-scale and convec-
tive precipitation han-
dled independently.

Scavenging by convec-
tive precipitation only
where no large-scale pre-
cipitation is formed; oth-
erwise the latter is as-
sumed to dominate.

Ice Linear minimum temper-
ature cut-off (between
0℃ and −20℃) for re-
moval by large-scale pre-
cipitation in polar re-
gions (beyond 65°).

Insoluble modes not
scavenged unless
T < −15.15℃ (although
the default scavenging
ratios for these modes
are zero in any case).

Snow Included in Pk: treated
identically to rain.

Not included in Pk:
treated as newly-formed
rain where it melts.

aThis appears to be a bug.
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relative humidity. The new scavenging scheme is not intended to be used in non-PC2

configurations, and they will not be considered further here.)

The large-scale precipitation scheme calculates mass transfer rates for a number

of separate microphysical processes which transfer mass between these phases, as

shown in Table 3.2, as well as fall rates for each phase.

The new scheme is based on the idea that, once taken up by liquid water or ice, a

chemical or aerosol species should “follow” that water through these processes, until

one of the following occurs:

1. The water returns to the vapour phase. In this case, a proportion of each

aerosol species is released corresponding to that contained within completely-

evaporated droplets (or completely-sublimed ice particles), as one aerosol

particle per droplet or ice particle. Chemical species are taken up or released

by liquid water according to Henry’s law to maintain equilibrium as the liquid

water content changes. Specific notes on the different vapour-phase processes

are given in Table 3.2.

2. The water falls out of the grid-box, taking any contained chemical or aerosol

with it into the grid-box below, or depositing it at the surface if it falls out of

the lowest level (i.e. where precipitation reaches the surface).

3. The water remains in the grid-box at the end of the timestep, in which case any

contained chemical or aerosol is also retained in the grid-box. (In a prognostic

treatment, such aerosol would be retained in separate tracers from interstitial

aerosol, however in the present framework this distinction is lost between

timesteps. Additional tracers for dissolved chemical species are unnecessary if

instant re-equilibration according to Henry’s law is assumed.)

At the start of the timestep, chemical species are taken up into liquid water

according to Henry’s law. Aerosol is taken up into liquid water and ice according to
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Table 3.2: Transfer processes in the large-scale precipitation scheme in HadGEM3
(based on Wilkinson et al., 2009, Table 11, with permission from the Met. Office)

Process From → To Description Note
LSETEV qcl → q Evaporation of liquid cloud drops settling

out of cloud
(1)

RACW qcl → qR Collection of liquid cloud by rain
RAUT qcl → qR Autoconversion of liquid cloud to rain
REVP qR → q Evaporation of rain (2)
IACW qcl → qcfc Collection of liquid cloud by ice crystals
IDEP1 qcl → q → qcfc Deposition of vapour from liquid cloud onto

ice crystals
(3)

IDEP2 q → qcfc Deposition of vapour onto ice crystals
IPRM1 qcl → qcfc Heterogeneous nucleation of ice from liquid

cloud
(4)

IPRM2 q → qcfc Heterogeneous nucleation of ice from vapour (4)
IFRW qcl → qcfc Homogeneous freezing of liquid cloud
IMLT qcfc → qR Melting of ice crystals
ISUB qcfc → q Sublimation of ice crystals (5)
IMLTEV qcfc → q Evaporation of melting ice crystals (5)
IACR qR → qcfc Collection of rain by ice crystals
SACW qcl → qcfa Collection of liquid cloud by ice aggregates
SDEP1 qcl → q → qcfa Deposition of vapour from liquid cloud onto

ice aggregates
(3)

SDEP2 q → qcfa Deposition of vapour onto ice aggregates
SMLT qcfa → qR Melting of ice aggregates
SSUB qcfa → q Sublimation of ice aggregates (5)
SMLTEV qcfa → q Evaporation of melting ice aggregates (5)
SACR qR → qcfa Collection of rain by ice aggregates
SAUT qcfc → qcfa Autoconversion of ice crystals to aggregates
SACI qcfc → qcfa Collection of ice crystals by aggregates
GAUT qcfa → qgraup Autoconversion of ice aggregates to graupel
GACW qcl → qgraup Collection of liquid cloud by graupel
GACS qcfa → qgraup Collection of ice aggregates by graupel
GMLT qgraup → qR Melting of graupel
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Table 3.2: continued

(1) LSETEV: Liquid cloud droplets falling into the clear-sky portion of a grid box
are evaporated across the whole size spectrum (however the falling droplets
will be predominantly the larger ones with faster terminal velocities in the first
place). Any contained chemical or aerosol species are released.

(2) REVP: Raindrops shrink by evaporation, causing chemical species to be released
until Henry’s law equilibrium is restored. Aerosol is only released from those
raindrops which evaporate completely, each of which produces one aerosol
particle.

(3) IDEP1/SDEP1: Deposition occurs preferentially from the liquid phase, to
represent the Bergeron–Findeisen process. However this involves evaporation
followed immediately by deposition, thus any contained chemical or aerosol
species are left behind in the liquid phase and released according to Henry’s
law (for chemical species) or for completely-evaporated droplets (for aerosol).

(4) IPRM1/IPRM2: Heterogeneous nucleation involves the take-up of ice nuclei;
however this is handled separately at the start of each timestep according to
the scavenging coefficients.

(5) ISUB/IMLTEV/SSUB/SMLTEV: Ice particles shrink by sublimation or melting
followed by evaporation. Aerosol is only released from those particles which
sublime (or melt and evaporate) completely, each of which produces one aerosol
particle.



58 CHAPTER 3. PHYSICAL REPRESENTATION OF SCAVENGING

scavenging coefficients which may be either fixed for each aerosol mode and water

phase, or derived from the number of activated droplets.

Any chemical or aerosol which is thus taken up into droplets or ice particles is

excluded from the “dry” processes, in particular dry deposition and sedimentation

(as they will instead fall along with the water). Aerosol produced by wet oxidation is

assumed to be taken up into the cloud liquid water.

The take-up of chemical species by ice particles has not been discussed here –

although such take-up has been observed, and a number of approaches proposed (e.g.

Neu and Prather, 2012), there is no established theoretical framework to describe

them and this work is primarily focused on aerosol; such processes are thus neglected

for now.

When aerosol is returned to the prognostic tracers, either due to evapora-

tion/sublimation or at the end of the timestep, it assumes a size distribution derived

from the size distribution of the droplets or ice particles in which it was contained.

Because the current HadGEM3 cloud and precipitation schemes are one-moment

bulk mass, rather than size-resolved, schemes, the droplet and ice particle size dis-

tributions are prescribed by those schemes rather than explicitly simulated. For

evaporation/sublimation, it is assumed that each hydrometeor leaves behind one

aerosol particle; however there are two complications which must be considered:

• If evaporation/sublimation is not complete, only the smallest hydrometeors

will do so fully (thus releasing aerosol particles) while the larger particles will

shrink (Pruppacher and Klett, 1996, §13.2.3). A theoretical calculation of the

size distribution of hydrometeors which are fully evaporated/sublimed is not

straightforward (see e.g. Tzivion et al., 1989); it thus seems prudent to carry

out a sensitivity study with the limiting cases before doing so. Such cases could

be (a) no hydrometeors shrink, and a uniform fraction across the size spectrum

are removed; (b) no hydrometeors shrink, and only the smallest are removed;
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and (c) all hydrometeors shrink, and none are removed until no liquid or ice

remains.

• The concentration of aerosol in hydrometeors (mass of aerosol per unit mass of

water/ice) may not be uniform, but rather vary across the size spectrum. This

is particularly so for small droplets, where growth is dominated by condensation

and size well correlated with that of the initial condensation nucleus (Pruppacher

and Klett, 1996, §17.3); for larger droplets growth is dominated by coalescence

which leads to a more uniform concentration by the time raindrops are formed.

In addition, the production of secondary aerosol material within the droplet

by aqueous chemistry may not be proportional to the droplet mass, e.g. due

to different dissolved concentrations of gaseous precursors; detailed modelling

by Ovchinnikov and Easter (2010) suggests this can have a significant impact

on the relationship between droplet size and dissolved aerosol concentration.

A further sensitivity study may be needed to assess the effect of different

assumptions for this relationship.

The microphysically-detailed scheme proposed above is summarised in Table 3.3;

a detailed derivation of the prognostic equations is presented in Appendix A. However,

the proposed scheme is likely to be computationally expensive as well as significantly

increasing code complexity. In addition, because HadGEM3 uses a one-moment bulk

mass formulation for cloud and precipitation, many assumptions about hydrometeor

size distributions would still be required – which may result in a model with no

fewer arbitrary tuning parameters than at present. Given this, it may be possible

to achieve some improvement to aerosol scavenging in a much simpler way, making

better use of the HadGEM3 model fields already available to UKCA. This possibility

is explored in the following sections, focusing on accounting for rain rate and cloud

fraction (Section 3.3), the coupling between convective scavenging and transport

(Section 3.4) and the re-evaporation of rain (Section 3.5).
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Table 3.3: Overview of a microphysically-consistent in-cloud scavenging and wet
deposition scheme for HadGEM3–UKCA

Chemistry Aerosols
1 Calculate mass ratio of chemical

species in cloud liquid water (and prog-
nostic rain if enabled) using Henry’s
law, based on actual liquid water con-
tent from cloud scheme.

Calculate number and mass ra-
tio of aerosol species in cloud liq-
uid water and ice (and prognostic
rain/snow/graupel if enabled) using
separate number/mass scavenging co-
efficients for each mode and phase (ei-
ther fixed, or diagnosed from the acti-
vation scheme).

Chemical species diagnosed to be in
an aqueous phase should be subject
to aqueous-phase chemistry only, and
not to gas-phase chemistry.

Aerosol diagnosed to be in an aqueous
phase should not be subject to any of
the dry aerosol processes.

Chemical species produced by aqueous-
phase reactions should go directly into
the diagnosed aqueous mass, rather
than the gas-phase mass.

Aerosol produced by wet oxidation
should go directly into the diagnosed
aqueous mass, rather than the dry
aerosol mass.

2 Iterating down the wet levels in a column, transfer mass between the different
phases, and pass to the level below, in proportion to the water transferred,
as given by the microphysics and fall-rate diagnostics from the precipitation
scheme.
Re-equilibrate falling drops to their
new environment according to Henry’s
law.

For liquid drops and ice particles
which evaporate or sublime completely,
add any contained aerosol to the dry
aerosol number and mass, with a size
distribution given by the assumed size
distribution of the source phase.

3 Feed the net change in mass from
the transfers into the main chemistry
scheme solver.

Update the number and mass tracers,
giving aerosol in aqueous phases a size
distribution according to that of the
water phase in which it is dissolved.
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3.3 Initial improvements: a first-order proportional
scheme for scavenging by large-scale precipitation

The existing scheme for in-cloud scavenging in HadGEM3–UKCA-2010 uses a fixed

removal timescale (half the aerosol number and mass in scavenged modes is removed

in 6 hours, wherever rain is produced):

∂n

∂t
=


− ln 2

τ
fαn

∂R

∂z
< 0

0 ∂R

∂z
≥ 0,

(3.1)

where n is the number or mass mixing ratio of aerosol in a particular mode (the size

spectrum and composition do not change), R is the downward rain flux, τ is the

assumed half-life of cloud water with respect to rain (6 hours), α is the scavenging

ratio (1 for soluble accumulation and coarse modes, and 0 for other modes) and f

represents the assumed fraction of the grid box over which the rain falls (0.3 for

convective rain and 1 for large-scale rain). These cloud fractions are likely to be

over-estimates in many cases, causing too much of the aerosol in the grid box to be

susceptible to removal; the fixed removal timescale is likely to remove aerosol too

quickly in light drizzle and too slowly in very heavy rain.

In discrete form, for one timestep ∆t on model level k (increasing upwards), the

above equation becomes:

∆nk =


(
2−∆t

τ − 1
)
fαnk Rk > Rk+1

0 Rk ≤ Rk+1.
(3.2)

However, since for large-scale precipitation the cloud liquid water content qcl, liquid

cloud fraction Cl and downward rain flux R are readily available, it is straightforward

to construct a scheme based on a first-order loss rate over the cloudy portion of the

grid box, assuming that aerosol in scavenged modes is removed by precipitation at
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the same rate as cloud water:

∂n

∂t
= Clαn

qcl

∂qcl

∂t

∣∣∣∣∣
lsp

= −Clαn

ρairqcl

∂R

∂z
. (3.3)

This at least relates the removal rate to the strength of the rainfall in a physical

way, although it still has many shortcomings – in particular, evaporation of rain is

ignored and melting snow is still misdiagnosed as the production of rain from cloud

water. (These processes require following the precipitation down each model column,

requiring larger structural changes to the model.) In discrete form, this becomes:

∆nk =


exp

− Rk −Rk+1

ρk
(
zk+1/2 − zk−1/2

)
qcl,k∆t

− 1
Cl,kαnk Rk > Rk+1

0 Rk ≤ Rk+1.
(3.4)

Similarly, the removal rate from the existing below-cloud scavenging scheme can

be scaled by the fraction CR of the grid box covered by rain,1 which is currently

ignored. (The rain rate is already accounted for in below-cloud scavenging.)

These changes were implemented in HadGEM3–UKCA-2010, and two one-year

simulations were run for comparison – with and without the modified scavenging

scheme. The change to the mean burden (column-integrated mass per unit area) of

the four aerosol components is shown in Figure 3.1. Each simulation had a 3-month

spin-up period, and aerosol feedbacks were not included (thus both runs had identical

meteorology). Modest changes are seen to global mean burdens (a ∼ 9% reduction for

sulphate, less for other components), while local changes are up to ±20%. Sulphate,

black carbon and organic carbon are strongly reduced over the polluted regions of

the northern mid-latitudes, while there is relatively little change in the tropics where

the majority of precipitation is convective, and there are areas of increased aerosol

over central Africa and the maritime continent. For sea-salt, the pattern is rather
1In cloud, where rain is produced, CR is always set equal to Cl in the precipitation scheme and

so the question of which to use in (3.3) and (3.4) for in-cloud scavenging is moot.
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different with alternating regions of increase and decrease over the large ocean basins,

and a general decrease over high northern latitudes. Changes of a similar magnitude

are seen in the per-mode number burdens, as shown in Figure 3.2, showing distinct

changes in the size distribution – in particular, a shift to smaller sizes throughout

most of the mid-latitudes. In theory, changes in large-scale scavenging may be partly

compensated for by convective scavenging; however this is unlikely in this particular

model, firstly because its convective scavenging is very weak (as will be discussed in

Section 3.4), and secondly because the convective scavenging scheme only operates

where there is no large-scale scavenging at all (see Table 3.1).

These results suggest that improving the physical representation of large-scale

scavenging may have a significant effect on the global distribution of aerosols in the

model. However, evaluating burden changes directly is difficult, as burdens are not

readily retrieved from observations (although this is a point that will be returned

to in Chapter 4). The model’s radiation scheme can calculate the resulting change

in aerosol optical depth (AOD), which is more directly comparable with satellite

observations. Figure 3.3 shows the annual mean AOD at 550 nm wavelength for the

year from March 2000 to February 2001 inclusive from Terra–MODIS (averaged from

the level 3 collection 5 daily Optical_Depth_Land_And_Ocean_Mean product and

bilinearly interpolated to the HadGEM3 model grid; global mean 0.159), and that

simulated by each configuration of HadGEM3–UKCA-2010 nudged to ERA-40 for

the same time period and sampled on those grid points and days where there is valid

MODIS data (global mean 0.128 for fixed scavenging, 0.118 for proportional). Thus

there is a large overall negative bias in the model AOD compared to MODIS, which

gets slightly worse with the proportional scavenging scheme. However, the difference

between the model versions is much smaller than that between either simulation and

the MODIS retrieval, and the model bias is likely to be the result of many separate

issues in the model and also uncertainties and errors in the observations (especially

over land, where AOD retrievals are generally less reliable than over ocean).
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Figure 3.1: One-year mean column mass burdens for each aerosol component
as simulated by HadGEM3–UKCA-2010 using the existing fixed scavenging (left),
and the change when a first-order scheme based on cloud liquid water content,
rain flux and cloud/rain fraction is used (right; see text). (SU=sulphate; SS=sea-
salt; BC=black carbon; OC=organic carbon; mineral dust is omitted because it is
unchanged.)
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Figure 3.2: One-year mean column number burdens for each aerosol mode as
simulated by HadGEM3–UKCA-2010 using the existing fixed scavenging (left), and
the change when a first-order scheme based on cloud liquid water content, rain flux
and cloud/rain fraction is used (right; see text).(NUC=nucleation mode, AIT =Aitken
mode, ACC=accumulation mode, COR=coarse mode; SOL=soluble, INS=insoluble.
Mineral dust particles are not included in these modes, and are not shown because
they are unchanged.)
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Figure 3.4: Scatter plot and linear regression of daily-mean AOD (left) and its
logarithm (right) from HadGEM3–UKCA-2010, using the existing fixed scavenging
in UKCA and the proportional-to-rain-rate scheme described in the text, against
that from Terra–MODIS (collection 5, level 3), over the model grid points, for
March 2000–February 2001. The scatter plots are sub-sampled to show only 5000
randomly-selected points for each simulation; however the regression statistics use
the full data set. The dashed lines represent a factor of two either side of the solid
grey 1:1 line.

Figure 3.4 shows a linear regression of the daily-mean AOD from the two sim-

ulations against that retrieved from MODIS, over the individual days and model

grid points. Both the retrieved and simulated AOD distributions show a long upper

tail (as can be seen in the left-hand plot), which is likely to distort the regression

statistics, and thus a linear regression of log(daily mean AOD) is used instead (which

appears to have a distribution closer to normal, and is shown in the right-hand

plot). From this it can be seen that, although the proportional scavenging produces

a larger bias than the fixed scavenging, it has a stronger correlation with MODIS

(r2 = 0.309 compared to 0.294). This suggests that it may be simulating the effects of

scavenging more accurately, even though it unmasks compensating errors elsewhere.

The impact of scavenging on the simulated AOD suggests that the direct radiative

effect of aerosol is likely to be sensitive to changes in its parameterisation.
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A first-order scheme for in-cloud scavenging similar to that described in this

section is now included in more recent versions of UKCA, and specifically in the

version used as a base for the rest of this work (which will be referred to as HadGEM3–

UKCA-2011). However, the other issues identified in Section 3.1 remain – and in

particular the use of −∂R/ρair∂z for the rate at which rain is produced means that

melting snow is included. A brief experiment was conducted, replacing (3.3) with

∂n

∂t
= −Clαn

qcl
(PRAUT + PRACW − PREVP) , (3.5)

where PRAUT, PRACW and PREVP are the rates (in kgwater kg−1
air s−1) at which cloud

water is converted to rain by autoconversion and accretion, and at which rain

evaporates, respectively. The results are not shown here, but although there are

changes in aerosol distribution they are about an order of magnitude smaller than

those between the fixed and proportional schemes.

3.4 An in-plume convective scavenging scheme

Convection plays a dominant role in the upward transport of both gaseous and

particulate matter in the atmosphere, with wide variation amongst models especially

for short-lived species (Hoyle et al., 2011). However, convection (especially the

vigorous, deep convection that can transport air parcels from the boundary layer

to the upper troposphere) is also often associated with intense precipitation, and

thus a significant amount of material may be removed by wet scavenging before it is

detrained from the convective updraught.

Convective transport and scavenging are treated in an operator-split manner in

HadGEM3–UKCA (both -2010 and -2011 versions): scavenging removes aerosol from

the grid-box mean tracer field at the end of each timestep, after the convection scheme

(which includes tracer transport) has already run. The scavenging parameterisation
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removes aerosol from those 3D grid boxes in which convective rain is formed (i.e. the

downward rain flux diagnosed by the convection scheme is greater than that from

the box above), according to a fixed timescale and assuming convective rain falls

over a fixed fraction (30%) of the grid box. However, the air parcel from which the

rain was produced will likely have continued to, and been detrained at, a higher (and

non-precipitating) level, and thus its aerosol load will not be available for scavenging.

This may result in too little removal by convective scavenging, and too much aerosol

being lifted to the upper troposphere; in turn this may exaggerate both the lifetime

and long-range transport of aerosol in regions (e.g. the tropics) where convective

precipitation is widespread. These concerns are borne out by the relative proportions

of water and aerosol removed by large-scale and convective precipitation: convection

is responsible for ∼ 60% of precipitation at the surface in the model, but less than

10% of the aerosol mass removal by in-cloud scavenging.

In this section, an alternative scheme for convective scavenging is presented,

which removes scavenged aerosol from within the convective updraught at the same

time as water is removed in precipitation.

In common with the parameterisations used in many global atmospheric GCMs,

the Gregory and Rowntree (1990) convection scheme in HadGEM3 uses a bulk

mass flux approach. Conceptually, there is an ensemble of many convective clouds

within a model grid box, having a spectrum of different properties (updraught mass

flux, entrainment and detrainment rates, heat and moisture content). However, the

assumption is made that this ensemble can be represented as a single updraught

whose properties are defined by integrating over this conceptual ensemble.

When convection is initiated in a grid box, a convective “parcel” is defined which

takes its initial properties from the environment, and is given an initial mass flux via

a closure based on the diagnosed convective available potential energy (CAPE). The

parcel then ascends from one model level to the next, mixing with the environment

via entrainment and detrainment, until its buoyancy drops below a threshold and
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the entire parcel is detrained. As the parcel ascends, it cools adiabatically until

it reaches saturation, at which point condensation releases latent heat as cloud

forms. Precipitation is diagnosed by a fairly simple heuristic: if the cloud depth has

exceeded a fixed threshold, and the cloud condensate exceeds a fixed minimum lPmin,

then condensate is converted to precipitation during the ascent to the next model

level such that only lPmin remains. Cloud water is assumed to be frozen below −10℃,

allowing for the existence of supercooled liquid cloud, while precipitation is assumed

to freeze or melt at 0℃.

The in-cloud scavenging is described by a first-order loss rate as in Section 3.3,

but formulated in terms of an air parcel within the convective updraught as it rises2

from level k to k + 1, rather than the environmental air in the grid box:

∆nP
k = αgPkn

P
k+1

Mk+1lPk+1
, (3.6)

where nP
k+1 is the number or mass mixing ratio of aerosol in a particular mode within

the parcel at level k + 1 (but before scavenging), lPk+1 is the mass mixing ratio of

liquid water and/or ice in the parcel after it has been lifted to level k+ 1 (but before

precipitation has been removed), Mk+1 is the updraught mass flux at level k + 1

(expressed in pressure coordinates, hence the factor g), and Pk is the rate at which

precipitation is produced through lifting from level k to k + 1.

Liquid and ice cloud are not differentiated in this parameterisation, effectively

assuming that most of the ice particles which form in the upper part of the convective

cloud originate from the freezing of liquid drops – which will have taken up cloud

condensation nuclei (CCN) by nucleation scavenging when they formed. This is

a simplification, as additional ice particles will form via deposition onto ice nuclei
2Model levels are enumerated from the surface upwards in HadGEM3 – this differs from the

notation in Gregory and Rowntree (1990), which is based on an earlier GCM where model levels
are enumerated from the top downwards and the parcel rises from level k to k − 1.
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(IN) and rime splintering. Also, CCN may be released as droplets evaporate in the

Bergeron–Findeisen process, and IN may be taken up as droplets freeze on them.

While the large-scale scavenging scheme only removes aerosol from the soluble

accumulation and coarse modes, the stronger updraughts found in convective cloud

will produce higher supersaturations allowing smaller particles to activate and thus

be removed by in-cloud scavenging. There is also no equivalent for convective cloud

of the “cloud processing” process in UKCA which moves soluble aerosol larger than

37.5nm from the Aitken to the accumulation mode in the presence of large-scale cloud.

Scavenging is therefore extended into the soluble Aitken mode, setting α = 0.5 for

convective scavenging of this mode. Ideally, the critical diameter for activation would

be diagnosed via Köhler theory; however this requires knowledge of the updraught

velocity, which is not known explicitly in a mass-flux convection scheme. Work is

under way, however, to implement this for large-scale scavenging, based on the work

of West et al. (2013).

Figure 3.5 shows the effect of the in-plume convective scavenging scheme on the

annual-mean column mass burden of each aerosol component in a one-year nudged

simulation for 2009. Burdens of sulphate, sea-salt, black carbon and organic carbon

are all reduced over wide areas of the globe. Although the largest absolute reductions

are in regions of high burden, there are also order-of-magnitude reductions in the

low burdens in regions remote from sources (e.g. for sea-salt over land, and for black

carbon over the mid-Pacific and Southern Ocean). There is no change in mineral

dust, which is not – and does not interact with any aerosol which is – subject to

in-cloud scavenging in the model.

Figure 3.6 shows the effect on the annual-mean number burden in each of the

UKCA aerosol modes. While soluble accumulation and coarse mode numbers are

much reduced due to their removal by convective scavenging, there are large increases

in soluble nucleation and Aitken mode numbers (despite the fact that the soluble

Aitken mode is subject to quite strong removal in this scheme). A likely explanation
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Figure 3.5: Annual mean 2009 mass burden of each aerosol component simulated
by HadGEM3–UKCA-2011 with the standard operator-split convective scavenging
scheme (left) and the in-plume scheme described in the text (centre), and the
difference between these (right: in-plume minus operator-split). (SU=sulphate;
SS=sea-salt; BC=black carbon; OC=organic carbon; mineral dust is omitted because
it is unchanged.)
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for this is that the removal of particles in the larger modes reduces the condensation

sink for H2SO4 vapour, leading to increased nucleation of new sulphate particles,

which subsequently grow by coagulation with one another to form Aitken-mode

particles. The changes to insoluble Aitken mode numbers are rather weaker and

more localised, as these particles are not directly affected by in-cloud scavenging,

only indirectly by changes in the soluble modes with which they interact.

Figure 3.7 shows the effect on the annual and zonal mean vertical profile of the

number concentration (i.e. the number of particles per unit volume of air) in each

of the soluble UKCA aerosol modes. The reduction in soluble accumulation-mode

aerosol occurs throughout most of the free troposphere, except at high latitudes

where there is little convective precipitation. This is consistent with the in-plume

scheme scavenging aerosol that was allowed to detrain from the convective updraught

by the operator-split scheme. The increase in nucleation-mode aerosol occurs in

the upper tropical troposphere, where the nucleation process is known to be most

active, and which overlaps with the area of reduced accumulation-mode aerosol

(and hence reduced condensation sink). The increase in Aitken-mode aerosol occurs

throughout the free troposphere below the region of enhanced nucleation, consistent

with this being “fed” from above by the growth of additional particles from the

nucleation mode. The largest reduction in the coarse mode (which is dominated by

sea-salt) is in the lower troposphere over the Southern Ocean (where coarse sea-salt

is concentrated); however there is also an order-of-magnitude reduction in the much

smaller number of coarse particles found in the middle and upper troposphere, as for

the accumulation mode.

The effect of the in-plume scheme on year-2009 mean 550 nm AOD is shown

in Figure 3.8, against that from Terra–MODIS as in Section 3.3. As before, there

is a large negative bias in the model AOD, which gets worse when the in-plume

scheme is introduced (simulated global-mean AOD 0.057, compared to 0.088 with the

operator-split scheme, and 0.168 from MODIS). Figure 3.9 shows a linear regression
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Figure 3.6: Annual mean 2009 number burden of each aerosol mode as simulated
by HadGEM3–UKCA-2011 with the standard operator-split convective scavenging
scheme (left) and the in-plume scheme described in the text (centre), and the differ-
ence between these (right: in-plume minus operator-split). (NS=soluble nucleation
mode; KS=soluble Aitken mode; AS=soluble accumulation mode; CS=soluble coarse
mode; KI=insoluble Aitken mode. Mineral dust particles are not included in these
modes, and are not shown because they are unchanged.)
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Figure 3.7: Annual and zonal mean 2009 number concentration profile of each
soluble aerosol mode as simulated by HadGEM3–UKCA-2011 (up to the mean
tropopause height) with the standard operator-split convective scavenging scheme
(left) and the in-plume scheme described in the text (centre), and the difference
between these (right: in-plume minus operator-split). (NS=soluble nucleation mode;
KS=soluble Aitken mode; AS=soluble accumulation mode; CS=soluble coarse mode.)
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Figure 3.9: Scatter plot and linear regression of daily-mean log(daily-mean AOD)
from HadGEM3–UKCA-2011, using the existing operator-split convective scavenging
in UKCA and the in-plume scheme described in the text, against that from Terra–
MODIS (collection 5, level 3), over the model grid points, for the year 2009. The
scatter plot is sub-sampled to show only 5000 randomly-selected points for each
simulation; however the regression statistics use the full data set. The dashed lines
represent a factor of two either side of the solid grey 1:1 line.

of log(daily-mean AOD) from both simulations against that from MODIS. There is

an increase in correlation when the in-plume scheme is used (r2 = 0.317 compared

to 0.289 for the operator-split scheme).

A more detailed evaluation of this scheme is presented in Chapter 4, after

introducing the methodology for assessing its impact on the vertical distribution of

aerosol using in-situ observations from aircraft campaigns.

Development of HadGEM3–UKCA has continued beyond the versions used in this

work, and an effort is currently under way to incorporate the convective scavenging

scheme described in this section into version 8.6 of the Met. Office Unified Model

(MetUM). Initial experiments using earlier 8.x versions in a General Atmosphere

(GA) 4.0 configuration (Walters et al., 2013) suggest that the impact is even greater

than in HadGEM3–UKCA-2011 (based on MetUM 7.3): unrealistic constant drizzle

over ocean has been reduced by the introduction of a prognostic rain scheme, and the
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proportion of total precipitation produced by the convection scheme has increased.

The in-plume scavenging scheme substantially reduces the large positive AOD biases

seen in these versions (C. E. Johnson, pers. comm.)

3.5 Treatment of aerosol contained in evaporating
precipitation

Some of the precipitation which is produced never reaches the surface, but evaporates

(or sublimes) below the cloud. From an aerosol scavenging perspective, there are two

scenarios to consider:

• droplets evaporate (or ice particles sublime) completely, releasing and re-

suspending any dissolved or embedded aerosol; or

• droplets (or ice particles) shrink due to evaporation (or sublimation), but

remain in existence and retain any dissolved or embedded aerosol.

Where the precipitation evaporates completely, then only the first scenario is possible.

However, where only some of the precipitation evaporates, a mixture of the two

should be expected: some droplets will shrink and retain their aerosol, while others

will evaporate completely and release it. In a bulk cloud scheme such as that used in

HadGEM3, it is not known explicitly how many droplets evaporate completely in

this case.

Figure 3.10 shows the annual mean amount of both large-scale and convective

precipitation which is produced and which evaporates in HadGEM3–UKCA-2011

(based on a one-year nudged simulation for 2009). While the proportion of convective

precipitation which evaporates never exceeds 30% except in very dry regions where

there is little to evaporate anyway, there are several areas where the majority of

large-scale precipitation evaporates before reaching the surface. In particular, in the

ocean regions to the west of the major continents where persistent stratocumulus
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decks are found, 60–70% of the large-scale precipitation in the model evaporates;

in parts of the maritime continent, the figure is even higher, reaching 80%. As a

result, it seems likely that the model will overestimate the removal of aerosol by

large-scale wet deposition in these regions. This may provide at least a partial

explanation for the unrealistically low CCN numbers found by West et al. (2013) in

HadGEM3–UKCA-2010 over the south-eastern Pacific, compounded by the too-rapid

scavenging of aerosol in light drizzle due to the use of a fixed scavenging timescale in

that version as discussed in Section 3.3.

To investigate the impact of this, a parameterisation of aerosol release by the

evaporation of large-scale precipitation has been introduced into HadGEM3–UKCA-

2011, based on the approach of Bellouin et al. (2007). Rather than operating

independently in each 3D model grid box, as in the existing scheme, in-cloud

scavenging operates from the top down in each column. When rain is produced and

aerosol is scavenged, its number and mass are passed on to the grid box below. When

all the rain falling from the grid box above evaporates, the accumulated aerosol

number and mass scavenged in the grid box(es) above is returned to the atmosphere;

if only a fraction β of the rain evaporates, then a fraction β
2 of the scavenged aerosol

is returned (i.e. it assumed that the loss of rain mass due to evaporation is split evenly

between droplets which evaporate completely and those which shrink but remain).

There is no change in the size distribution between scavenging and re-suspension,

although in reality there would be a shift to larger sizes due to the coagulation of

many cloud droplets to form a raindrop. The melting and sublimation of snow are not

considered here, because the model does not currently include in-cloud scavenging

by ice and snow.

Figure 3.11 shows the effect on the annual-mean column mass burden of each

aerosol component in a one-year nudged simulation for 2009 (including the in-plume

convective scavenging scheme from Section 3.4). Although globally the change is

rather small (the colour scale on the absolute differences in the middle column
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Figure 3.10: One-year mean production (top) and evaporation (middle) rates of
large-scale (left) and convective (right) precipitation in HadGEM3–UKCA-2011. The
bottom row shows the fraction of each type of precipitation which evaporates (exclud-
ing very dry regions with annual mean precipitation less than 5× 10−6 kg m−2 s−1).
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extends to only ±1% of the maximum value of the scale for the burdens in the left

column), there are substantial relative increases in some regions (shown in the right

column). In particular, the sea-salt burden is almost doubled over the eastern edge

of many of the ocean basins where persistent stratocumulus is found. There are

similar, but smaller, increases for sulphate and carbonaceous aerosol; but there is no

change in mineral dust, which is not subject to in-cloud scavenging in the model.

Figure 3.12 shows the effect on the number burden in each of the UKCA aerosol

modes. It is clear that particle numbers are increased due to re-evaporation (and

not just the mass per particle), and that the increase is concentrated in the soluble

accumulation and coarse modes. This is as expected, since these are the modes which

are depleted by the in-cloud scavenging scheme, and hence replenished by subsequent

re-evaporation; effects on other modes must be caused indirectly by interactions

between modes.

Figure 3.13 shows the zonal-mean vertical profile of the changes due to re-

evaporation. For all components, most of the increase occurs in the lowest 2 km

of the atmosphere, from where the particles are likely to find their way back into

cloud-forming updraughts to be re-activated as CCN – which means they are likely

to be of importance for aerosol indirect effects.

The effect of re-evaporation on year-2009 mean 550 nm AOD is shown in Fig-

ure 3.14, against that from Terra–MODIS as in Section 3.3. This time the negative

bias is slightly reduced, as re-evaporation increases the amount of aerosol in the model

(simulated global-mean AOD 0.069, compared to 0.057 without re-evaporation, and

0.168 from MODIS). Figure 3.15 shows a linear regression of log(daily-mean AOD)

from both simulations against that from MODIS. There is a slight decrease in corre-

lation when re-evaporation is included (r2 = 0.307 compared to 0.317). It is thus

not possible to conclude that re-evaporation improves the simulated AOD on the

global scale. However, the most significant effects are likely to be localised at low



82 CHAPTER 3. PHYSICAL REPRESENTATION OF SCAVENGING

WITHOUT WITH−WITHOUT WITH
WITHOUT

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

10-7

10-6

10-5

SU / kg m-2  (mean 1.93 ×10-6  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

−1.0

−0.5

0.0

0.5

1.0
£10−6

¢SU / kg m-2  (mean 2.92 ×10-7  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

0.0

0.5

1.0

1.5

2.0

SU / SU0  (mean 1.14)

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

10-7

10-6

10-5

10-4

SS / kg m-2  (mean 2.45 ×10-6  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

−1.0

−0.5

0.0

0.5

1.0
£10−6

¢SS / kg m-2  (mean 4.14 ×10-7  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

0.0

0.5

1.0

1.5

2.0

SS / SS0  (mean 1.23)

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

10-9

10-8

10-7

10-6

10-5

BC / kg m-2  (mean 1.03 ×10-7  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

−1.0

−0.5

0.0

0.5

1.0
£10−7

¢BC / kg m-2  (mean 1.1 ×10-8  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

0.0

0.5

1.0

1.5

2.0

BC / BC0  (mean 1.15)

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

10-8

10-7

10-6

10-5

10-4

OC / kg m-2  (mean 8.04 ×10-7  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

−1.0

−0.5

0.0

0.5

1.0
£10−6

¢OC / kg m-2  (mean 8.16 ×10-8  kg m-2 )

150°W 75°W 0° 75°E 150°E90°S
60°S
30°S

0°
30°N
60°N
90°N

0.0

0.5

1.0

1.5

2.0

OC / OC0  (mean 1.13)

Figure 3.11: Annual mean 2009 mass burden of each aerosol component sim-
ulated by HadGEM3–UKCA-2011 (including the in-plume convective scavenging
of Section 3.4) without aerosol release by re-evaporation of precipitation (left),
and the change when this is included for in-cloud nucleation scavenging by large-
scale precipitation – expressed as an absolute difference (middle), and in relative
form as (burden with)/(burden without) such that 1.0 means no difference (right).
(SU=sulphate; SS=sea-salt; BC=black carbon; OC=organic carbon; mineral dust is
omitted because it is unchanged.)
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Figure 3.12: Annual mean 2009 number burden of each aerosol mode as sim-
ulated by HadGEM3–UKCA-2011 (including the in-plume convective scavenging
of Section 3.4) without aerosol release by re-evaporation of precipitation (left),
and the change when this is included for in-cloud nucleation scavenging by large-
scale precipitation – expressed as an absolute difference (middle), and in relative
form as (burden with)/(burden without) such that 1.0 means no difference (right).
(NS=soluble nucleation mode; KS=soluble Aitken mode; AS=soluble accumulation
mode; CS=soluble coarse mode; KI=insoluble Aitken mode. Mineral dust particles
are not included in these modes, and are not shown because they are unchanged.)
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Figure 3.13: Annual and zonal mean 2009 mass concentration profile (up to the
mean tropopause height) of each aerosol component simulated by HadGEM3–UKCA-
2011 (including the in-plume convective scavenging of Section 3.4) without aerosol
release by re-evaporation of precipitation (left), and the change when this is included
for in-cloud nucleation scavenging by large-scale precipitation – expressed as an
absolute difference (middle), and in relative form as (burden with)/(burden without)
such that 1.0 means no difference (right). (SU=sulphate; SS=sea-salt; BC=black
carbon; OC=organic carbon; mineral dust is omitted because it is unchanged.)
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Figure 3.15: Scatter plot and linear regression of annual-mean AOD (left) and
log-AOD (right) from HadGEM3–UKCA-2011 (including the in-plume convective
scavenging of Section 3.4), with and without inclusion of aerosol release by re-
evaporation of precipitation as described in the text, against that from Terra–MODIS
(collection 5, level 3), over the model grid points, for the year 2009. The scatter
plot is sub-sampled to show only 5000 randomly-selected points for each simulation;
however the regression statistics use the full data set. The dashed lines represent a
factor of two either side of the solid grey 1:1 line.

altitude in regions of persistent drizzle as noted above, and therefore a more detailed

regional evaluation might be more informative.

3.6 Summary and conclusions

This chapter has looked at some of the shortcomings of the aerosol scavenging scheme

in HadGEM3–UKCA, and investigated how it might be improved to more closely

represent the physical processes involved.

An approach was presented that aims for maximum consistency with the micro-

physics of the large-scale precipitation scheme, tracking aerosol material through the

various types of hydrometeor until it is either deposited at the surface or re-released

as aerosol particles by evaporation of droplets or sublimation of ice particles. How-
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ever, such an approach is computationally complex and requires detailed knowledge

of the hydrometeor size distribution. In the one-moment bulk mass microphysics

of the HadGEM3 large-scale precipitation scheme, these size distributions are all

assumed rather than explicitly simulated. Although consistency with the size distri-

butions assumed by the precipitation scheme can be achieved, as derived in detail

in Appendix A, these are still arbitrary and may negate the aim of greater physical

realism.

As an alternative, it was shown how improvements may be made within the

existing scavenging framework through three main approaches. Firstly, the fixed

rainout timescale was replaced with a first-order loss rate proportional to the rate at

which cloud water is converted to rain in the large-scale precipitation scheme. This

caused a decrease in global aerosol burdens and AOD, which resulted in a larger

bias compared to MODIS: the simulated MODIS-collocated year-2000 global mean

550 nm AOD decreased from 0.128 to 0.118, compared to 0.159 for MODIS. However,

the correlation (r2) between the MODIS and model log(daily-mean AOD) fields

increased from 0.294 to 0.309, suggesting that the process representation was better

although compensating errors were unmasked – although the statistical significance

of this result is difficult to assess due to spatial autocorrelation in the data.

Secondly, scavenging by convective precipitation was moved into the convection

scheme itself, so that scavenging and transport were no longer operator-split. This

dramatically increased the efficiency of convective scavenging in the model, reduced

the amount of aerosol in the larger modes reaching the upper troposphere, and

thereby enhanced the nucleation of new particles. Again, although the negative AOD

bias compared to MODIS was increased (simulated year-2009 AOD decreased from

0.088 to 0.057, compared to 0.168 from MODIS), the correlation between MODIS

and model log(daily-mean AOD) increased from 0.289 to 0.317. These effects will be

evaluated further in Chapter 4, with particular emphasis on evaluating the changes
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to the vertical distribution which are poorly constrained by a column-integrated

measurement such as AOD, and also on establishing statistical significance.

Thirdly, the large-scale scavenging scheme was extended to account for the aerosol

contained in rain which evaporates before reaching the surface. By releasing this

aerosol back to the atmosphere at the point of evaporation, rather than discarding it,

the number of accumulation-mode particles was increased by almost a factor of two

in regions of persistent stratocumulus – where the sensitivity of the indirect aerosol

effects to changes in CCN are likely to be high – although the global-scale impact

on burdens and AOD is quite small. Although the version of HadGEM3 used here

does not include a detailed representation of the indirect effects, it would therefore

be very interesting to study the impact of re-evaporation in a version which does

(e.g. as used in West et al., 2013).

The approach considered at the start of the chapter, of following the precipitation

microphysics in detail, may well be worth revisiting in the context of a two-moment

(or even three-moment) size-resolved cloud and precipitation microphysics scheme,

such as is currently under development for future versions of the Met. Office Unified

Model, where it would no longer be necessary to use assumed size distributions.



Chapter 4

Constraining black carbon
burdens and vertical profiles
with observations

The work described in this chapter has been published as Kipling, Z., Stier,
P., Schwarz, J. P., Perring, A. E., Spackman, J. R., Mann, G. W., Johnson,
C. E., and Telford, P. J.: Constraints on aerosol processes in climate models
from vertically-resolved aircraft observations of black carbon, Atmos. Chem.
Phys., 13, 5969–5986, doi:10.5194/acp-13-5969-2013, 2013.

The text, figures, simulations and analysis presented here are the work
of Kipling, under the supervision of Stier and Johnson. Schwarz, Perring
and Spackman contributed the HIPPO SP2 dataset; Mann contributed the
GLOMAP-mode aerosol scheme; Telford contributed the nudging code and the
basis for the HadGEM3–UKCA flight-track sampling code.

As discussed in Chapter 1, aerosol particles in the atmosphere play an important

role in the climate through direct, indirect and semi-direct effects. Black carbon

(BC) aerosol can contribute to all of these classes of effect, although its absorption

of short-wave radiation makes it of particular interest in the context of the direct

and semi-direct effects (Stier et al., 2007; Ramanathan and Carmichael, 2008). The

relative magnitudes of these effects, and thus the sign of the net (semi-)direct forcing

due to BC, are thought to depend heavily on the vertical distribution of BC, and in

particular its altitude relative to cloud layers (Johnson et al., 2004; Zarzycki and

89
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Bond, 2010; Samset and Myhre, 2011; Samset et al., 2013). In addition, “aged” BC

particles with a soluble coating can act as cloud condensation nuclei (Penner et al.,

1996; Lohmann et al., 2000), and thus contribute to indirect effects; ageing may also

reduce the lifetime of black carbon (by increasing susceptibility to wet deposition)

and enhance its absorption of radiation (Ackerman and Toon, 1981; Stier et al., 2006;

Schwarz et al., 2008).

Some progress has been made in analysing the relative positions of BC and

cloud layers, and the resulting radiative effects, from satellite observations (Peters

et al., 2011; Wilcox, 2012). However, neither passive satellite remote sensing nor

ground-based observations can provide well-resolved vertical profiles of BC (or

aerosol in general), and thus the evaluation in this chapter focuses on in-situ aircraft

observations. Although such observations are limited in spatial and temporal coverage,

they can provide data with much better vertical resolution than can be obtained

from other sources, as well as more direct measurements of the quantities (e.g.

concentrations, mixing ratios, composition and particle size distributions) represented

in aerosol models. (While satellite-based LIDAR instruments such as CALIOP can

provide vertically-resolved optical extinction profiles, and these are valuable in

assessing the vertical distribution on a global basis, such optical measurements do

not translate directly into the number and mass mixing ratios simulated by current

models.)

Previous studies using aircraft observations to evaluate aerosol models on a

global scale have generally compared monthly-mean model profiles with campaign-

mean profiles from a collection of separate campaigns (which may differ in their

methodology), each over a limited geographical area (e.g. Koch et al., 2009). Other

studies have focused on more detailed evaluation on a regional scale using individual

flight campaigns – e.g. Reddington et al. (2013), which also highlights the importance

of uncertainties in the size distribution of BC as well as its total mass.
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The large-scale flight campaign conducted by the High-performance Instrumented

Airborne Platform for Environmental Research (HIAPER) Pole-to-Pole Observations

(HIPPO) of Carbon Cycle and Greenhouse Gases Study (Wofsy et al., 2011) provides

the opportunity to evaluate against consistently-collected data from a single campaign

over a large area of the Pacific region. The data are described in more detail in

Section 4.1. The BC data from the first phase of the HIPPO campaign are analysed

in Schwarz et al. (2010), where the observed vertical profiles are used to evaluate

the simulated BC profiles from the Aerosol Comparisons between Observations and

Models (AeroCom; http://aerocom.met.no/) Phase I (Textor et al., 2006) models,

comparing climatological monthly-mean model profiles against regional-mean profiles

from HIPPO. The model diversity is large – one to two orders of magnitude over a

wide altitude range, both in the Pacific regions studied in Schwarz et al. (2010) and

the continental regions in Koch et al. (2009) – but both the mean and median of

the model ensemble systematically overestimate the BC mass mixing ratio (MMR)

compared to the observations.

This chapter presents a more detailed evaluation of the vertical distribution of BC

in two particular models, HadGEM3–UKCA and ECHAM5–HAM2, against BC mass

mixing ratio data derived from the first three phases of the HIPPO campaign. Rather

than averaging the instantaneous observations on a regional basis and comparing

to model climatology, nudging and interpolation techniques are used to sample the

models in time and space along the track of the flight campaign, as described in

Section 4.2.

This approach is applied to investigate and constrain the effects of convective

scavenging (which has an important role in controlling vertical transport, as shown

in Section 3.4) and biomass-burning emissions (which are the most temporally and

spatially variable source of BC) on the vertical profile of BC in the models. To this

end, a series of sensitivity tests are conducted, as described in Section 4.4, to assess

http://aerocom.met.no/
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how the agreement with the observations is affected by the choice of convective

scavenging scheme and emissions inventory.

4.1 Observational data

There have been five phases of the HIPPO campaign completed (http://hippo.

ucar.edu/); data from the first three (in January 2009, October/November 2009 and

March/April 2010) were available in time for this analysis. Each phase consists of

an approximate meridional transect over the Pacific, with detours into neighbouring

continental regions – the flight tracks can be seen in Figure 4.1. Along each track, a

series of fairly regular ascents and descents were made, providing vertically-resolved

measurements, typically spanning 300 m above the surface to 8.5 km above sea level

with some profiles extending to ∼ 14 km. In total, 184 suitable vertical profiles are

identified (the criteria used are discussed in Section 4.3.1).

A wide range of instruments were carried on these flights, but for the purposes of

this analysis the most relevant data comes from a Single Particle Soot Photometer

(SP2; Schwarz et al., 2006), which measures the mass of BC in individual aerosol

particles. Particles were detected within a range of ∼ 0.8 to 175 fg BC (∼ 75 to

540nm volume-equivalent diameter, assuming a void-free density of 1.8×103 kgm−3).

Following Schwarz et al. (2010), the MMR of BC in the atmosphere is calculated

by aggregating the observed particles over 1-minute intervals:

mBC = 1.1 F

ρair

N∑
i=1

Mi, (4.1)

where (M1, . . . ,MN ) are the masses of BC in each individual particle observed by the

SP2 instrument, F is the volumetric flow rate at which the air is sampled (4 cm3 s−1,

constant) and ρair is the density of the sampled air, derived from contemporaneous

measurements of ambient pressure from the HIPPO flight data, and a fixed tem-

http://hippo.ucar.edu/
http://hippo.ucar.edu/
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Figure 4.1: Flight tracks for the first three phases of the HIPPO campaign
(January 2009, October/November 2009 and March/April 2010). The circles
show the BC burden (in kg m−2) estimated from the HIPPO SP2 observations
over each vertical profile, while the background shading shows the monthly-
mean BC burden from the HadGEM3–UKCA (BASE and CVSCAV+G3M) and
ECHAM5–HAM2 (G3M) simulations. The bottom row shows the burdens from
the AeroCom Phase I (Textor et al., 2006) median model (constructed from the
ARQM, GISS, GOCART, GRANTOUR, KYU, LOA, MATCH, MPI_HAM, MOZGN,
PNNL, UIO_CTM, UIO_GCM, ULAQ and UMI models). The side plots show
the observed burdens (red bars, representing the range due to uncertainty in
extrapolation of profiles to the surface and a 15 km lid, plus the 30% uncertainty
in the mixing ratios used), the along-track model burden (blue line, two-valued
due to the southbound and northbound legs) and the zonal range of the model
burden between the map edges (shading).
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perature of 290 K representing the cabin air temperature of the aircraft. These are

an approximation of the actual sampling conditions, but the resulting error is small

compared to that from other sources (J. P. Schwarz, pers. comm.) The factor of

1.1 inflates the mass by 10% to account for the portion of the aerosol size spectrum

which the instrument does not detect, as per Schwarz et al. (2010). A “curtain” plot

of BC MMR against latitude and altitude is then produced to show the distribution

of BC over a vertical slice through the atmosphere (top row of Figure 4.2). An

uncertainty of ±30% is attached to these MMR values, as the ±40% quoted in

Schwarz et al. is now considered overly cautious (J. P. Schwarz, pers. comm.) In

the cleanest regions (BC MMR less than ∼ 0.5 ng kg−1), where only a small number

of particles were detected per minute, the sampling uncertainty of the observations

is likely to contribute significantly to the scatter in the results (A. E. Perring, pers.

comm.); however this is not considered further in the present study.

With the exception of HIPPO-2, which made a detour to Australia at about

30°S, there is generally more BC seen in the northern hemisphere than the southern

hemisphere at all levels (which is consistent with the greater anthropogenic emissions

in the north) – this contrast is particularly stark for HIPPO-3, which spent very little

time near land. While some BC is seen in the lower and mid tropical troposphere

(∼ 10−11 kg kg−1 in places), very little is seen at higher levels in the tropics in any of

the phases (typically less than 10−12 kg kg−1 above about 6 km); at higher latitudes,

however, significant BC mass mixing ratios (above 10−11 kg kg−1) frequently extend

into the upper troposphere.

4.2 Models

Two aerosol–climate models are considered here: HadGEM3–UKCA-2011 and

ECHAM5–HAM2. These are described in Section 1.6, and the major differences

relevant to black carbon aerosol are summarised in Table 4.1.
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Figure 4.2: Mass mixing ratio (kg kg−1) of BC in the atmosphere, from each phase
of the HIPPO campaign, calculated by aggregating SP2 data over 1-minute intervals,
and from nudged HadGEM3–UKCA (BASE and CVSCAV) and ECHAM5–HAM2
(BASE) simulations, sampled along the HIPPO flight track (also at 1-minute intervals)
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Table 4.1: Differences relevant to black carbon between the aerosol schemes in
HadGEM3–UKCA-2011 and ECHAM5–HAM2, in their BASE configurations

Process HadGEM3–UKCA ECHAM5–HAM2

Biofuel emission size same as fossil fuel
(60 nm diameter)

same as
biomass-burning
(150 nm diameter)

Fossil fuel and biofuel emissions added to lowest level applied as surface flux
in vertical diffusion

Biomass-burning emission height uniform in height over
∼ 50 m to 3 km

biome-dependent
(Dentener et al., 2006)

Ageing insoluble to soluble 10 monolayers required 1 monolayer required

Dry deposition Slinn (1982)
Zhang et al. (2001)

Ganzeveld et al. (1998)

operator-split as surface flux in
vertical diffusion

Below-cloud scavenging Slinn (1984) Seinfeld and Pandis
(1998)

In-cloud nucleation scavenging 100% of soluble
accumulation and
coarse modes

Prescribed fractions of
all modes

Rain only Rain and snow
Immediate removal Replaced where

precipitation
evaporates

Convective scavenging Operator-split, acting
on grid-box means

In-plume, acting on
tracer fluxes

Aerosol feedbacks on meteorology
(direct/semi-direct/indirect effects) Disabled Enabled
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For the sensitivity tests (described in more detail in Section 4.4), four HadGEM3–

UKCA and three ECHAM5–HAM2 simulations were carried out covering the period

of the first three phases of the HIPPO campaign, as shown in Table 4.2. All

simulations were run from September 2008 through to the end of April 2010, allowing

four months spin-up before the start of HIPPO-1. No re-tuning of the model was

performed for any of the simulations.

4.2.1 Nudging

In order to capture the meteorological conditions at the time of the flight campaign,

the technique of nudging (Jeuken et al., 1996) is used, where the large-scale dynamical

variables are continuously relaxed towards fields from a reanalysis product – in this

case ERA-Interim (Dee et al., 2011).

In the HadGEM3–UKCA implementation (Telford et al., 2008, 2013), the nudging

is applied to the potential temperature and horizontal wind fields. The relaxation

time constant is the “natural” one of 6 h (the time spacing of the reanalysis data);

this choice is validated in Telford et al. (2008). The nudging is applied between levels

14 (∼ 4 km) and 32 (∼ 21 km) inclusive; levels 13 and 33 are nudged at half strength

(i.e. with a 12 h time constant), and no nudging is performed on levels outside this

range. Free-running simulations (without nudging) were also run for comparison.

In the ECHAM5–HAM2 implementation (Jeuken et al., 1996), temperature, vor-

ticity, divergence and surface log-pressure are relaxed towards the 6-hourly reanalysis

fields with time constants of 24 h, 6 h, 48 h and 24 h, respectively, on all model

levels. The nudging is performed in spectral space, on all but the wavenumber-0

(global-mean) spectral component.

Although neither water vapour nor any cloud variables are nudged directly, Telford

et al. (2008) show that large-scale cloud and precipitation patterns are reproduced

well in a nudged model, while Russo et al. (2011) show that for convection a nudged
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Table 4.2: Configurations and emissions used for model simulations of the HIPPO
campaign. The inventory (GFED2 or GFED3.1) used for biomass-burning emissions
is shown, along with the year for which these emissions are specified. Other emissions
are taken from the AeroCom Hindcast inventory, or (for additional gas phase emissions
in UKCA) RCP 8.5.

Model Label Description Biomass-burning
emissions

HadGEM3–UKCA BASE Basic configuration, with
only diagnostic modifica-
tions for flight-track sam-
pling.

GFED2
1997–2006 clim.
(monthly)

G3M As BASE, but with
GFED3.1 monthly biomass
emissions.

GFED3.1
2008–2010
(monthly)

CVSCAV As BASE, but with in-
plume convective scaveng-
ing scheme added, as de-
scribed in the text.

GFED2
1997–2006 clim.
(monthly)

CVSCAV+G3M Combining both in-plume
convective scavenging
(CVSCAV) and GFED3.1
emissions (G3M).

GFED3.1
2008–2010
(monthly)

ECHAM5–HAM2 BASE Basic configuration, with
only diagnostic modifica-
tions for flight-track sam-
pling.

GFED2
1997–2006 clim.
(monthly)

G3M As BASE, but with
GFED3.1 monthly biomass
emissions using modified
vertical distribution.

GFED3.1
2008–2010
(monthly)

G3H As BASE, but with
GFED3.1 3-hourly biomass
emissions using modified
vertical distribution.

GFED3.1
2008–2010
(3-hourly)
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model performs as well as an offline chemical transport model (CTM) driven directly

by meteorological fields from a reanalysis.

4.2.2 Flight-track sampling

Nudging allows simulations to be conducted under large-scale meteorological condi-

tions which reflect those during the flight campaign. To sample from the resulting

simulation in a manner consistent with the observations, an interpolating “flight-

track sampling” diagnostics scheme is used. Following O’Connor et al. (2005), the

instantaneous mass mixing ratio fields at each timestep are interpolated to the point

in space and time of each observation along the flight track. The spatial interpolation

is linear in log-pressure and both horizontal directions; temporally, each observation

is matched to the following model timestep.

The implementation in HadGEM3–UKCA is based on that of Telford et al. (2013),

extended to sample the tracers from the aerosol scheme as well as the gas-phase

chemistry scheme; an equivalent sampling module has also been implemented in

ECHAM5–HAM2.

4.3 Method

As mentioned earlier, to best compare the simulations with the aircraft measurements

from the HIPPO campaign, the model output is sampled along the flight track.

However, to give a general indication of how the models’ BC distributions compare

to the observations, regional maps of the simulated BC column burden are shown,

with that derived from the SP2 measurements over-plotted along the flight track

(Figure 4.1).
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4.3.1 Burdens

From a modelling perspective, column-integrated mass burdens are a useful metric by

which to measure the distribution of aerosol. However, it is difficult to obtain direct

measurements of aerosol burden on large scales, as satellite-based instruments can

only measure integrated optical properties (with passive instruments) or vertically-

resolved backscatter (with active LIDAR). Burdens cannot be inferred from such

measurements without additional knowledge of the chemical and microphysical

properties of the aerosol particles. Ground-based sun-photometers and LIDAR are

similarly limited, while ground-based in-situ measurements are limited to particles

near the surface. The geographical and vertical coverage of the HIPPO campaign,

however, provides a basis on which to evaluate model burdens directly.

The local BC column burden is estimated in the vicinity of each HIPPO ascent

or descent profile. Suitable profiles are identified as periods of near-continuous ascent

or descent covering at least the 0.5 km to 7.5 km altitude range. From each profile,

the mean BC concentration (mass of BC per unit volume) in each 0.5 km altitude

interval from 0 to 15 km is calculated. These are then integrated vertically to give an

estimate of the column burden (shown on the maps in Figure 4.1 as coloured circles).

Because the HIPPO profiles do not extend all the way to the surface or the

15 km “lid”, there is some uncertainty in how the profile should be extrapolated

when calculating the burden. A lower estimate is calculated by assuming the BC

concentration is zero outside the altitude range of the observations; for an upper

estimate, the BC concentrations observed at the bottom and top of the profile are

assumed to continue to the surface and 15 km respectively. (This does not give

a true upper bound on the burden, since the concentrations outside the observed

altitude range may be higher then those within, but provides an estimate of the

extrapolation uncertainty.) Because Schwarz et al. (2010) attribute the largest part

of the ±30% uncertainty in BC MMR to calibration (correlated) rather than random

(uncorrelated) error, it is assumed that the full ±30% may apply to the derived
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burden estimates. These ranges (including both the extrapolation and measurement

uncertainty) are shown as the red bars on the side-plots in Figure 4.1.

4.3.2 Point-by-point comparison

For a more detailed point-by-point comparison, the model fields are interpolated onto

the HIPPO flight track as described in Section 4.2.2. Coupled with nudging to repro-

duce the observed synoptic conditions as described in Section 4.2.1 (notwithstanding

the uncertainty in reanalysis fields in remote regions with sparse observations), this

allows the model output to be sampled consistently with the observations rather

than using a monthly mean or climatology. Once this sampling has been done, the

model output can be evaluated pointwise against the actual HIPPO observations

both visually and quantitatively. For a visual comparison the difference in MMR is

simply plotted at each point along the flight track (see Figures 4.3 and 4.4, discussed

in detail in Sections 4.5.1 and 4.5.2). A more quantitative analysis looks at the mean

difference (bias) and correlation coefficient between the logarithms of the observed

and simulated mass mixing ratios, over all the points along the flight track (see Fig-

ure 4.5, discussed in detail in Section 4.5.3). Logarithms are taken as the distribution

of observed mixing ratios appears to be approximately log-normal; this results in a

distribution which is more symmetric and closer to a normal distribution, making

standard statistical techniques more meaningful. Without logarithms, the correlation

coefficient is distorted by differences in the long upper tail of the distribution.

To estimate the uncertainty in the quantitative analysis, bootstrapping is used

to construct 95% confidence intervals for the bias and correlation. Because both

the observed and modelled data series show significant autocorrelation, a moving-

block bootstrap (Kunsch, 1989) is used with block length 30 (i.e. resampling in

approximately half-hour blocks). This provides an estimate of the uncertainty due

to random sampling variability. To incorporate the uncertainty in the SP2-derived
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mixing ratios, the error bars on the bias are extended by ±30% (to accommodate the

worst-case effect on the bias, of a systematic calibration error). For the correlation,

random multiplicative Gaussian white noise with a standard deviation of 30% is

applied to each bootstrap sample (to accommodate the worst-case effect on the

correlation, of completely uncorrelated observation errors).

There is some additional uncertainty in the comparison, due to the limited size

range of the SP2 measurements – the measurements are adjusted as described in

Section 4.1 to account for this, but some uncertainty remains as in practice the

fraction of BC which is within the detectable range will be variable. An alternative

approach, of calculating the number of modelled particles which would contain

a detectable amount of BC, is problematic because the models assume uniform

composition, with BC mass spread over all particles in a given mode. This results in

lower BC masses per particle, and many fewer detectable particles, than if the BC is

confined to a subset of particles – which Reddington et al. (2013) show may indeed

be the case, at least in the more polluted air over continental Europe.

4.4 Sensitivity tests

4.4.1 Biomass-burning emissions

One of the most variable and uncertain sources of BC is from biomass burning

(responsible for approximately half the BC emissions by mass in the models, the

remainder coming from fossil fuel and biofuel burning). The emissions used in the

BASE configurations of both models are a monthly climatology derived from the

AeroCom hindcast inventory, itself based on the Global Fire Emissions Database

(GFED), version 2 (van der Werf et al., 2006). However, GFED version 3.1 is now

available (van der Werf et al., 2010). Amongst various improvements to the emission

estimates, there is a substantial reduction in total carbon emissions from biomass
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burning, which is reflected in the BC emissions. In addition, GFED3.1 provides daily

fractional emission fields (at the same 0.5° resolution as the monthly data, but not

resolved by chemical species) which can be applied to each month’s data to estimate

emissions at daily time resolution, and a diurnal profile for each month (also at 0.5°

resolution, in 3-hour intervals), giving estimates at 3-hourly time resolution (Mu

et al., 2011). The new dataset now covers the period to the end of 2010, sufficient

for simulations during the first three phases of the HIPPO campaign and removing

the need to extrapolate the emission dataset. Switching to GFED3.1 emissions for

biomass burning gives the G3M (monthly emissions) and G3H (3-hourly emissions)

configurations (the latter only implemented in ECHAM5–HAM2).

In HadGEM3–UKCA, both BASE and G3M configurations distribute the biomass-

burning emissions uniformly in height over levels 2 to 12 (∼ 50 m to 3 km). In

ECHAM5–HAM2, the BASE configuration uses a biome-dependent vertical profile

for the emissions, as in AeroCom Phase I (Dentener et al., 2006), while the G3M and

G3H configurations divide the emissions equally between the model levels diagnosed

to be within the boundary layer.

4.4.2 Convective scavenging

As discussed in Section 3.4, convection is of great importance for both the vertical

transport and removal of aerosol. Schwarz et al. (2010) identify the treatment of

this process as likely to be a major factor in the diversity of the AeroCom models

and their high bias compared to the HIPPO-1 SP2 observations, particularly in the

tropics.

The models used here take two different approaches to convective scavenging.

In the operator-split approach, as used in the BASE configuration of HadGEM3–

UKCA, convective scavenging removes aerosol from the grid-box mean field after the

convection scheme (including convective tracer transport) has run. In the in-plume
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approach, as used in ECHAM5–HAM2, aerosol is removed directly from the tracer

flux in the convective updraught, along with the removal of water by convective

precipitation. Additional simulations with HadGEM3–UKCA have also been carried

out using the in-plume scheme described in Section 3.4 (CVSCAV and CVSCAV+G3M

configurations).

Although this chapter focuses on the impact of the coupling between convec-

tive transport and wet deposition, it is worth noting that the parameterisation of

convective transport itself (in particular entrainment and detrainment) may have a

significant impact on the vertical distribution of tracers, as demonstrated in Hoyle

et al. (2011) and Croft et al. (2012).

4.5 Results

4.5.1 HadGEM3–UKCA

The BC MMR from HadGEM3–UKCA (in its BASE configuration), sampled at

1-minute intervals along the flight track for the first three phases of the HIPPO

campaign, is shown in the second row of Figure 4.2. Although some features (e.g.

the disparity between the hemispheres in the HIPPO-3 data) are well reproduced,

the model does not appear to reproduce other large-scale features of the observations

very well. Most noticeably, for all three phases, the model has a significant excess of

BC in the upper troposphere, especially in the tropics.

Figure 4.3 shows the difference between the HadGEM3–UKCA simulations in each

configuration and the actual observations from each phase of the HIPPO campaign.

It is clear from these difference plots that, at least for HIPPO-1 and HIPPO-2,

the upper-tropospheric excess seen in the BASE configuration is largely removed

when the in-plume convective scavenging scheme is switched on (i.e. in CVSCAV

and CVSCAV+G3M), suggesting that the lack of realistic convective scavenging may
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Figure 4.3: Difference of BC mass mixing ratio (kg kg−1) simulated by HadGEM3–
UKCA in each configuration (rows) from that observed during each phase of the
HIPPO campaign (columns). The model is nudged and sampled along the HIPPO
flight track at 1-minute intervals; observed mixing ratio is calculated from HIPPO
SP2 data aggregated over 1-minute intervals.
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have been responsible. This is supported by the fact that – without adjusting any

other parameters in the model – the improvement is so strong, while introducing

very little in the way of new visible errors which might be expected if the new

scheme was compensating for errors in a different process (which would likely have a

different structure). The third row of Figure 4.2 shows the BC mixing ratio from

the CVSCAV+G3M simulation, which is visibly more realistic with respect to the

observations. For HIPPO-3, the improvement is largely confined to the southern

hemisphere; in the northern hemisphere both simulations produce too little aerosol

at lower levels and too much aloft. This is despite the fact that HIPPO-3 observed

more BC at upper levels in the northern hemisphere than the earlier phases.

The change in switching to GFED3.1 biomass-burning emissions (i.e. BASE to

G3M) is less dramatic. While, for HIPPO-1 and HIPPO-2, the difference plot for the

G3M simulation (second row of Figure 4.3) indicates less of a positive bias than for

BASE, the upper-tropospheric excess remains clear. Applying the emissions change on

top of the in-plume convective scavenging (i.e. going from CVSCAV to CVSCAV+G3M)

removes what little excess remains in the middle and upper troposphere, but appears

to leave an overall negative bias compared to the observations. For HIPPO-3, the

differences from the choice of emissions are even less clear. Unlike for convective

scavenging, it is difficult to be confident that the small improvements seen here

are genuinely attributable to better emissions, rather than compensating for biases

elsewhere in the model.

It thus appears that for HIPPO-1 and HIPPO-2 globally, and for HIPPO-3 in the

southern hemisphere, the disagreement between the BASE model and observations

is dominated by the lack of realistic convective scavenging, and is much improved

when an in-plume approach is introduced. For HIPPO-3 in the northern hemisphere,

however, it appears that the disagreement is dominated by other effects which have

not yet been identified. This is consistent with HIPPO-3 occurring in northern-
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hemisphere spring, when convective precipitation in the northern mid-latitude Pacific

is relatively weak.

The differences can also be seen in the burdens (top two rows of Figure 4.1).

The BASE simulation over-predicts the BC burden at most of the profile locations,

in many cases by an order of magnitude. CVSCAV+G3M performs much better,

with the model burden frequently close to the range estimated from the HIPPO

observations. For brevity, the separate plots for CVSCAV and G3M are omitted;

however as before, most of the improvement is seen in the former and is particularly

pronounced over the tropical warm pool region where strong convective scavenging

is expected. The high burdens observed in the Arctic in HIPPO-1 were attributed to

a localised biomass-burning plume (Schwarz et al., 2010) as they were dominated

by two particular profiles which were close together. In HIPPO-2 and HIPPO-3,

however, the high Arctic burdens are a more systematic feature of the profiles in this

region (J. P. Schwarz, pers. comm.) This suggests that the model is underestimating

the transport of BC to the Arctic – either due to errors in the transport itself, or

because it is removed too rapidly (probably by large-scale wet scavenging, since this

affects both BASE and CVSCAV simulations).

4.5.2 ECHAM5–HAM2

The BC MMR from ECHAM5–HAM2 (in its BASE configuration), sampled at

1-minute intervals along the flight track for the first three phases of the HIPPO

campaign, is shown in the bottom row of Figure 4.2. These do not exhibit the large

upper-troposphere excesses seen in the HadGEM3–UKCA BASE simulation, but

there are some unexpectedly large mixing ratios at even higher altitudes (including

into the lower stratosphere).

Figure 4.4 shows the difference between the ECHAM5–HAM2 simulations in each

configuration and the actual observations from each phase of the HIPPO campaign.



108 CHAPTER 4. CONSTRAINING THE BC VERTICAL PROFILE

HIPPO-1 HIPPO-2 HIPPO-3

EC
H
AM

5–
H
AM

2
BA

SE

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m
¢ BC MMR (HAM LI BASE ¡ HIPPO1)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I B
AS

E ¡
 HI

PP
O1

)£10−11

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI BASE ¡ HIPPO2)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I B
AS

E ¡
 HI

PP
O2

)£10−11

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI BASE ¡ HIPPO3)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I B
AS

E ¡
 HI

PP
O3

)£10−11

∆
B
C
M
M
R
/
kg

kg
−

1

EC
H
AM

5–
H
AM

2
G3

M

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI G3M ¡ HIPPO1)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I G
3M

 ¡ 
HIP

PO
1)

£10−11

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI G3M ¡ HIPPO2)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I G
3M

 ¡ 
HIP

PO
2)

£10−11

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI G3M ¡ HIPPO3)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I G
3M

 ¡ 
HIP

PO
3)

£10−11

∆
B
C
M
M
R
/
kg

kg
−

1

EC
H
AM

5–
H
AM

2
G3

H

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI G3H ¡ HIPPO1)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I G
3H

 ¡ 
HIP

PO
1)

£10−11

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI G3H ¡ HIPPO1)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I G
3H

 ¡ 
HIP

PO
1)

£10−11

−90 −60 −30 0 30 60 90latitude / °N
0
2
4
6
8

10
12
14

alt
itu

de
 / k

m

¢ BC MMR (HAM LI G3H ¡ HIPPO3)

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0

¢
 BC

 MM
R (

HA
M L

I G
3H

 ¡ 
HIP

PO
3)

£10−11

∆
B
C
M
M
R
/
kg

kg
−

1

Figure 4.4: Difference of BC mass mixing ratio (kg kg−1) simulated by ECHAM5–
HAM2 in each configuration (rows) from that observed during each phase of the
HIPPO campaign (columns). The model is nudged and sampled along the HIPPO
flight track at 1-minute intervals; observed mixing ratio is calculated from HIPPO
SP2 data aggregated over 1-minute intervals.

The lower-stratosphere anomalies are clear in all simulations, and for HIPPO-1 and

HIPPO-2 the BASE configuration shows patches of (mostly positive) bias throughout

the troposphere that are not immediately obvious from Figure 4.2.

Some of the strongest biases are reduced in the G3M simulation: in particular,

at lower levels around the equator (for all three phases) and also in the southern

mid-latitudes (for HIPPO-1). This suggests that part of the tropospheric error in

the BASE configuration may be attributable to the choice and implementation of

biomass-burning emissions; however as in HadGEM3–UKCA, the improvement is

not decisive enough to exclude the possibility that this is simply compensating for

other biases in the model. It is also possible that some of this difference is due to the
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different vertical profile of emissions between BASE and G3M. However, an additional

simulation (not shown here) for HIPPO-1 with the same GFED2 emissions as BASE,

but the boundary-layer-following vertical profile of G3M shows results very similar

to BASE. This suggests that it is the updated inventory, rather than the change

in vertical profile, which makes the difference. Similarly, using a boundary-layer-

following emission profile in HadGEM3–UKCA (instead of the default fixed ∼ 50 m

to 3 km profile) makes little difference, indicating that the different emission profiles

do not contribute significantly to the differences between the two models.

As in HadGEM3–UKCA (CVSCAV), HIPPO-3 looks rather different to the earlier

phases. There appears to be little change between the ECHAM5–HAM2 BASE and

G3M simulations, with the tropospheric error in both simulations dominated by

negative anomalies throughout most of the northern hemisphere.

For all three phases, there is almost no visible difference between the G3M and

G3H simulations. This indicates that, at least for simulations in remote regions such

as those covered in the HIPPO campaign, monthly biomass-burning emissions are

sufficient as any high-frequency variability at the source is smoothed out during trans-

port. Higher-time-resolution emissions could provide more benefits for simulations

closer to source regions, however.

The ECHAM5–HAM2 simulated burdens (third row of Figure 4.1) show a similar

pattern of overestimating the observations as the HadGEM3–UKCA BASE simulation,

despite ECHAM5–HAM2 already having an in-plume convective scavenging scheme.

This analysis cannot determine what process is responsible for the high burden in

ECHAM5–HAM2 – a more detailed study of the role of the different processes in

this model would be required. It may still be some aspect of scavenging which is too

weak, but equally the problem may be elsewhere. The AeroCom Phase I (Textor

et al., 2006) median model, shown in the bottom row, shows a similar positive bias.

The presence of high BC burdens in the remote Pacific in these models, in

a way that does not correspond with observations, suggests that the model BC
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Figure 4.5: Bias–correlation plots of log(BC mass mixing ratio) between the
HadGEM3–UKCA (top row) and ECHAM5–HAM2 (bottom row) simulations and
each phase of the HIPPO campaign (columns). The error bars represent a 95%
confidence interval based on a moving-block bootstrap and the ±30% error in the
SP2-derived mixing ratios from HIPPO-1. The solid symbols represent nudged
simulations, while the hollow symbols (for HadGEM3–UKCA) represent free-running
simulations. The “obs.” point on the right-hand side indicates where a model which
reproduces the observations perfectly would be located.

lifetime is too long. In HadGEM3–UKCA this appears to be a structural issue

with convective scavenging; in ECHAM5–HAM2 and other models it may be due to

different processes.

4.5.3 Quantitative evaluation

Figure 4.5 shows the bias and correlation coefficient of log(BC MMR) for each simu-

lation against each phase of the HIPPO campaign, along with bootstrap uncertainty

estimates as described in Section 4.3.

The improvement in both bias and correlation when switching to in-plume

convective scavenging in HadGEM3–UKCA can clearly be seen when going from
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BASE to CVSCAV, or from G3M to CVSCAV+G3M (with the exception of the

negative bias against HIPPO-2 and HIPPO-3 in the CVSCAV+G3M simulation). The

improvement in correlation should perhaps be regarded as more relevant, as the bias

is likely to be more susceptible to model tuning/calibration. For all three phases,

this increase in correlation (0.22→ 0.41, 0.27→ 0.42, 0.51→ 0.65 between BASE

and CVSCAV for HIPPO-1, -2, -3 respectively) is statistically significant in the sense

that the error bars of the nudged BASE and CVSCAV (or G3M and CVSCAV+G3M)

simulations do not overlap. Carrying out the analysis separately for the points in

the two hemispheres (not shown) indicates that the increase in correlation comes

largely from the northern hemisphere.

For both models, a small improvement in correlation (although not in bias for

HadGEM3–UKCA CVSCAV) is seen when going from BASE to G3M (or CVSCAV

to CVSCAV+G3M), although the overlapping error bars indicate that this is not

statistically significant. As with the visual analysis, there is almost no difference

between the ECHAM5–HAM2 G3M and G3H simulations. It is probably the case

that evaluation closer to source regions would be more powerful in distinguishing

between emissions inventories and their time resolution.

The correlation and, in most cases, also the bias are much improved in the

nudged HadGEM3–UKCA simulations (solid symbols) compared to their free-running

counterparts (hollow symbols). The correlation increases for the BASE configuration

are 0.14 → 0.22, 0.08 → 0.27, 0.44 → 0.51 between free-running and nudged

simulations for HIPPO-1, -2, -3, respectively. In addition, the improvement in bias

and correlation from changes to the model configuration is enhanced in the nudged

simulations. This is particularly significant for HIPPO-1, where nudging eliminates

the overlapping error bars on the correlation axis between BASE and CVSCAV. This

allows the conclusion that the improvement in CVSCAV is statistically significant,

which may not have been clear from the free-running simulations alone. (It should

be noted in this context that the error bars on the free-running models are an
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underestimate – ensemble simulations would be needed to quantify the additional

uncertainty from the simulated meteorology.) Thus, not only does nudging help to

produce realistic simulations of aerosol during a given flight campaign, but it also

makes it easier to evaluate the effect of changes to the aerosol scheme by damping

errors due to differences in large-scale dynamics.

4.5.4 Comparison with profile curves

To compare the point-by-point analysis presented here with a more traditional ap-

proach, vertical profile curves have been constructed from the HIPPO-1 observations

for four latitude bands using the (geometric) mean and standard deviation over all

the profiles identified for the burden analysis (as described in Section 4.3.1) in each

latitude band. Corresponding curves have also been constructed from the January

2009 monthly-mean output from the HadGEM3–UKCA simulations, by horizontally

interpolating to the location of each profile identified in the observations.

The results are shown in Figure 4.6. Although the construction is similar to that

in Schwarz et al. (2010), the curves are not identical due to the different profile-

detection algorithm used. While some improvement from both CVSCAV and G3M

can be seen in these curves, this is rather less clear than in the point-by-point analysis

(Figure 4.3). In many cases, the differences are overshadowed either by the variability

between profiles within a region (e.g. in the 60°N–80°S band, where all four model

curves lie almost entirely within the spread of the observed profiles) or by overall

regional biases (e.g. in the 20°S–20°N band, where all four model curves lie almost

entirely outside the spread of the observed profiles). It is therefore difficult to ascribe

statistical significance to the model improvements from this analysis, as was possible

in Section 4.5.3 from Figure 4.5.
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Figure 4.6: Vertical profile curves of BC mass mixing ratio for HIPPO-1 and
horizontally-matched locations in the January 2009 monthly-mean output from the
HadGEM3–UKCA simulations. The shaded region shows the (geometric) standard
deviation of the observed MMR values over the profiles in each latitude band, plus
the ±30% measurement error.
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This demonstrates the usefulness of the point-by-point analysis presented here

in allowing the evaluation of process-level changes to the model with rather more

confidence than can be obtained from a more traditional approach.

4.6 Summary and conclusions

The vertical distribution of aerosol is not well constrained by observations on the

global scale. Aiming to address this, methods were developed in this chapter for

evaluating aerosol–climate models against large-scale aircraft campaigns, and applied

to investigate the impact of convective scavenging and biomass-burning emissions on

the vertical profile of black carbon.

By running two aerosol–climate models in nudged configurations and interpolating

their output onto the track of a flight campaign, a detailed pointwise comparison

was made between model output and in-situ aircraft observations. Using data from

a campaign such as HIPPO, which has good vertical resolution over an extended

geographical area, this gives a powerful tool for evaluating the vertical distribution

of aerosol in the models. It was also shown how these measurements can be used to

evaluate column-integrated burdens in the models, which are a more direct product

of most models than the optical or radiative properties (e.g. aerosol optical depth)

which can be evaluated via remote sensing.

This approach was applied to black carbon aerosol in the HadGEM3–UKCA and

ECHAM5–HAM2 models, showing how each has different areas of disagreement with

the HIPPO SP2 observations. Both models significantly over-predicted BC burden,

by up to an order of magnitude in the more remote regions, suggesting that the BC

lifetime in the models is too long.

In the case of HadGEM3–UKCA, the largest discrepancy (an excess of aerosol

in the tropical upper troposphere) was eliminated by switching from the default

operator-split convective scavenging scheme to one which scavenges directly from
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the convective plume. This change improved both the vertical distribution of BC

and the simulated burdens against the HIPPO observations, yielding a statistically

significant increase in the pointwise correlation coefficient for all three phases of

the HIPPO campaign (0.22→ 0.41, 0.27→ 0.42, 0.51→ 0.65 for HIPPO-1, -2, -3,

respectively).

ECHAM5–HAM2 also shows an overall positive bias, although the discrepancies

have a less systematic structure than in HadGEM3–UKCA. One noteworthy feature,

however, is the presence of unexpectedly high BC mass mixing ratios extending

into the lower stratosphere in ECHAM5–HAM2. This is currently unexplained, but

further work to establish its cause may help to identify structural or tuning errors in

the model.

In both models, a somewhat smaller and not statistically significant improvement

was seen when switching from GFED2-based biomass-burning emissions to GFED3.1;

however, there was virtually no change in this region – which is remote from biomass-

burning sources – when the time resolution of these emissions was increased from

monthly to 3-hourly in ECHAM5–HAM2. It seems likely that a similar analysis

with a wider range of flight campaigns, including the major biomass-burning regions,

might better constrain the choice of such emissions.

For HadGEM3–UKCA, both the correlation between the BASE configuration and

the observations, and the increase in correlation due to the new convective scavenging

scheme, were enhanced when the simulations were nudged as opposed to free-running.

In this way, nudging can enable statistically significant improvements in the model

to be detected where they might not be in a free-running simulation; e.g. the above

increase in the correlation of the nudged model against HIPPO-1 (from 0.22 to 0.41)

was statistically significant, while the corresponding increase for the free-running

model (from 0.14 to 0.27) was not.

In an analysis of this kind, there is always the potential for compensating errors

in different parts of the model to obscure which processes are poorly represented.
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This is particularly true in this case where a change was made in the biomass-burning

emissions and compared to observations in remote regions; an analysis nearer the

source regions might better distinguish emissions effects from other sources of bias.

For convective scavenging in HadGEM3–UKCA, however, a very clear improvement

was seen from a more physically-realistic implementation without adjusting any other

model parameters, with very little new error introduced. It is thus reasonable to

conclude that this is not simply compensating for other errors, but that it is the

convective scavenging itself which must be accurately represented in the model to

obtain a realistic vertical profile.

It is clear that vertically-resolved in-situ measurements of aerosol have an impor-

tant role to play in evaluating the aerosol distributions simulated by aerosol–climate

models, in conjunction with satellite remote sensing and ground-based observations,

and that they can provide particular insight into the processes governing the ver-

tical transport of aerosol in the atmosphere, as has been shown in this chapter for

convective scavenging.

This chapter has considered the effect of two specific processes on the vertical

distribution of aerosol; Chapter 5 will look at the sensitivity of the vertical profile to

the full range of aerosol and transport processes.



Chapter 5

What controls the vertical
profile of aerosol?
Relationships between process
sensitivity in HadGEM3–UKCA
and inter-model variation from
AeroCom Phase II

The work described in this chapter is in preparation for submission to the
journal Atmospheric Chemistry and Physics as Kipling, Z., Stier, P., Johnson,
C. E., Mann, G. W., Bellouin, N., Bauer, S. E., Bergman, T., Chin, M.,
Diehl, T., Ghan, S. J., Iversen, T., Kirkevåg, A., Kokkola, H., Liu, X., Luo,
G., Myhre, G., van Noije, T., Pringle, K. J., von Salzen, K., Schulz, M.,
Seland, Ø., Takemura, T., Tsigaridis, K., and Zhang, K.: What controls the
vertical distribution of aerosol? Relationships between process sensitivity
in HadGEM3–UKCA and inter-model variation from AeroCom Phase II, in
prep., 2013.

The text, figures, HadGEM3–UKCA simulations and analysis presented
here are the work of Kipling, under the supervision of Stier and Johnson.
The other authors contributed datasets from the various AeroCom models,
as listed in Table 5.1; Mann also contributed the GLOMAP-mode aerosol
scheme used in the HadGEM3–UKCA simulations.
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As mentioned in Section 1.4 and Chapter 4, the relative magnitudes, and in some

cases even the sign, of the different aerosol effects are strongly influenced by the

vertical distribution of aerosol and especially its altitude relative to cloud layers.

However, the observational constraints on vertical profiles are rather weak, and there

is a large diversity in the profiles simulated by current aerosol–climate models (see

e.g. Samset et al., 2013).

Aerosol–climate models vary considerably in their complexity, but typically include

a range of emission, transport, deposition, microphysical and chemical processes that

may affect both the horizontal and vertical distribution of aerosol. This chapter

aims to identify in one particular model the processes which play a dominant role in

controlling the vertical profile using a series of coarse sensitivity tests.

This chapter also investigates the extent to which variations in the strength of

the processes thus identified can replicate the current inter-model diversity in aerosol

vertical profiles, or whether further structural differences between models are required

to explain this diversity.

5.1 AeroCom

The Aerosol Comparisons between Observations and Models (AeroCom; http://

aerocom.met.no/) project is an international initiative for the intercomparison and

evaluation of global aerosol–climate models and a wide range of observations.

Textor et al. (2006) investigated the vertical distribution of aerosol in the AeroCom

Phase I models, amongst many other aspects of the aerosol life cycle. They show

large variations in the profiles between the models, but these are not attributed to

specific processes. Koffi et al. (2012) evaluate the vertical profiles in these models

against CALIOP satellite LIDAR observations, showing that for all models the match

to observations varies considerably by both region and season. Samset et al. (2013)

http://aerocom.met.no/
http://aerocom.met.no/
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show that the inter-model diversity in the vertical profile of black carbon in particular

causes a large diversity in its radiative forcing.

In this chapter, monthly-mean aerosol mass mixing ratio fields are used from

the models which contributed to the Phase II present-day “control” experiment

(Myhre et al., 2013), referred to as A2.CTRL. The models included here are those

contributing to this experiment which (a) provided monthly 3D mass mixing ratio

fields for at least four of sulphate (SO4), sea-salt (SS), black carbon (BC), organic

aerosol (OA) and mineral dust (DU); and (b) provided sufficient vertical-coordinate

information to plot vertical profiles and calculate column mass integrals. Some of

the models also include ammonium (NH4) and nitrate (NO3) aerosol components;

however these components are not included in this study.

Based on these requirements, there are 18 suitable models which submitted

results to the A2.CTRL experiment, which are summarised in Table 5.1 along with

references giving further detail for each model. Six of these are chemical transport

models (CTMs) driven by meteorological fields from a reanalysis dataset for the year

2006; the other twelve are general circulation models (GCMs) in which both the

meteorology and composition are simulated. Nine of the GCMs submitted results

from a nudged configuration (Jeuken et al., 1996; Telford et al., 2008). The three

non-nudged (free-running) GCMs submitted a monthly climatology from a five-year

run, while the CTMs and nudged GCMs submitted (at least) monthly output for

the year 2006. A number of the models calculate oxidant fields (which control the

production of secondary aerosol) online using a tropospheric gas-phase chemistry

scheme, while the remainder rely on prescribed oxidant fields from a climatology.

The models use a mixture of modal/sectional and one-/two-moment aerosol

schemes. The modal schemes represent the aerosol size distribution as a superposition

of a small number of (usually log-normal) “modes”, each with its own composition.

The sectional schemes divide the size distribution into a (sometimes much) larger

number of discrete “bins”. In the two-moment schemes, there are separate tracers for
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number and mass in each mode or bin, allowing the mean particle size to vary within

set limits (although the width remains fixed); in the one-moment schemes there is a

single tracer for each mode or bin and an assumed size distribution is used. Note that

some of the models use distinct schemes for different aerosol components, including

HadGEM3–UKCA (described in more detail in Section 1.6.1) which has a 6-bin 1-

moment sectional scheme for mineral dust and a 5-mode 2-moment modal scheme for

other aerosol; GISS–modelE, GOCART and HadGEM2 have similar mixed schemes.

Three of the models use somewhat different approaches: CAM4–Oslo uses mass

concentrations in several size classes tagged according to production mechanism,

and look-up tables to determine the physical properties (Kirkevåg et al., 2013);

CanAM4–PAM uses a piecewise log-normal representation; and GISS–MATRIX uses

the quadrature method of moments (McGraw, 1997).

5.2 Method

5.2.1 HadGEM3–UKCA process sensitivity tests

The model processes which have the potential to affect the vertical distribution

of aerosol broadly divide into four categories: emissions, transport, microphysics

and chemistry, and deposition. While some model processes can be adjusted via

continuous parameters, as in the approach taken by Lee et al. (2011) to assess

parametric uncertainty in models, this is not true for all relevant processes. In order

to cover the widest possible range of processes, albeit at the cost of a less quantitative

assessment of sensitivity, a simple on/off approach is adopted here for most processes.

Emissions can affect the vertical distribution directly by the vertical range

over which they are injected into the model – this is of particular importance for

biomass-burning emissions, where plume heights are variable and not particularly

well constrained. Limiting cases are considered, of injecting all such emissions at
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the surface (BB_SURF), or extending them uniformly in height to the tropopause

(BB_TROP/z). The size distribution of emitted particles may also affect the develop-

ment of the vertical profile, and consideration is given to increasing (EM_LARGE) or

decreasing (EM_SMALL) the size of all primary particles by a factor of
√

10 (≈ 3.16,

chosen to match the spacing of HadGEM3 dust bins) while keeping the total mass of

emissions constant.

Vertical transport of aerosol in the model is due to large-scale vertical advec-

tion, boundary-layer turbulent mixing and convection. The effect of switching off

each of these processes is considered (NO_VADV, NO_BLMIX and NO_CVTRANS,

respectively).

Consideration is also given to the effect of switching off each of the microphysical

processes: condensation (NO_COND), coagulation (NO_COAG) and nucleation of

new particles (NO_NUCL), as well as the effect of adding boundary-layer nucleation

(WITH_BLN) using the cluster-activation approach of Kulmala et al. (2006) – which

is available in the model but not included in the standard configuration. Further

configurations switch off the in-cloud production of sulphate by aqueous oxidation

(NO_WETOX) and the “cloud processing” process which moves activated cloud

condensation nuclei (CCN) from the soluble Aitken mode to the accumulation mode

(NO_CLDPROC), and consider the limiting cases of instant ageing (AGE_INST) and

no ageing (AGE_NEVER) of insoluble aerosol to the soluble modes.

Deposition processes can preferentially remove aerosol from certain ranges in the

vertical, and the effect of switching off each of the following processes is considered:

dry deposition and sedimentation (NO_DDEP), large-scale in-cloud/nucleation scav-

enging (NO_LS_RO), convective in-cloud/nucleation scavenging (NO_CV_RO) and

below-cloud impaction scavenging (NO_WASHOUT). Although the total precipitation

in the model is energetically constrained by evaporation at the surface, the division

of precipitation between the large-scale and parameterised convective schemes is

somewhat arbitrary and varies considerably between different resolutions and config-
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urations of the Met. Office Unified Model (which cover global and regional climate

modelling and also high-resolution weather forecasting); because of this, the effect

of switching off all in-cloud/nucleation scavenging is considered (NO_RAINOUT).

Finally, the inclusion of a re-evaporation process is considered, in which scavenged

aerosol is returned to the atmosphere where rain evaporates before reaching the

surface (WITH_REEVAP) – which is not included in the standard configuration, but

implemented as in Section 3.5.

The full set of simulations for the sensitivity tests is summarised in Table 5.2.

All simulations were run with nudged meteorology from September 2008 through

to the end of December 2009, allowing four months spin-up before a full year, and

include both the in-plume convective scavenging scheme described in Section 3.4 and

the GFED3.1 biomass-burning emissions introduced in Chapter 4 (i.e. this chapter’s

BASE configuration is equivalent to CVSCAV+G3M from Chapter 4). No re-tuning

of the model was performed for the different configurations. To analyse effects on

direct radiative forcing, a second set of simulations were run using pre-industrial

aerosol and precursor emissions based on year 1850 of Lamarque et al. (2010).

It should be noted that, for technical reasons, the model configuration used here

differs from that used for the HadGEM3–UKCA A2.CTRL submission, which used a

more recent snapshot of the UKCA code, and was run at N96L63 (same horizontal

resolution and model top, but 63 vertical levels instead of 38).

5.2.2 Derivation of vertical profiles

Most of the AeroCom models use a hybrid sigma/pressure vertical coordinate, from

which (given the fixed hybrid coefficients for each level and a surface pressure field)

a global 3D pressure field can easily be calculated, while neither geometric nor

geopotential height is readily available. The exceptions are the HadGEM models,

which use a hybrid-height vertical coordinate, but for these a prognostic pressure
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Table 5.2: Configurations of HadGEM3–UKCA-2011 used for process sensitivity
test simulations

Configuration Description
BASE Standard N96L38 HadGEM3–UKCA-2011 aerosol configu-

ration at UM 7.3, plus in-plume convective scavenging (as
described in Section 3.4) and GFED3.1 biomass-burning
emissions

E
m

is
si

on
s BB_SURF All biomass-burning emissions injected in lowest level

BB_TROP/z Biomass-burning emissions injected uniformly in height up
to tropopause

EM_LARGE All primary particle sizes increased by a factor of
√

10 (total
mass unchanged)

EM_SMALL All primary particle sizes decreased by a factor of
√

10
(total mass unchanged)

T
ra

ns
p

or
t NO_VADV No large-scale vertical advection of aerosol

NO_BLMIX No boundary-layer mixing of aerosol
NO_CVTRANS No convective transport (and therefore also no convective

in-cloud/nucleation scavenging) of aerosol

M
ic

ro
ph

ys
ic

s/
ch

em
is

tr
y NO_COND No condensation from gas phase onto existing aerosol

NO_COAG No coagulation of aerosol particles
NO_NUCL No nucleation of new particles from the gas phase
WITH_BLN Boundary-layer nucleation switched on
NO_WETOX No production of aerosol via aqueous chemistry.
AGE_INST Insoluble particles aged to soluble modes instantly (i.e. 0

monolayers required)
AGE_NEVER Insoluble particles never age to soluble modes (i.e.∞ mono-

layers required)
NO_CLDPROC No Aitken→accumulation mode transition due to aerosol

activation

D
ep

os
it

io
n

NO_DDEP No dry deposition or sedimentation of aerosol
NO_LS_RO No large-scale in-cloud/nucleation scavenging (rainout) of

aerosol
NO_CV_RO No convective in-cloud/nucleation scavenging (rainout) of

aerosol
NO_RAINOUT No in-cloud/nucleation scavenging (rainout) of aerosol
NO_WASHOUT No below-cloud impaction scavenging (washout) of aerosol
WITH_REEVAP Re-evaporation (release of scavenged aerosol due to evapo-

ration of precipitation) switched on
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field is readily available in the output. For simplicity across the full range of models,

vertical profiles in pressure coordinates are therefore used for this analysis.

For all the models used here, monthly mass mixing ratio fields are available for

each of the included aerosol components (either directly, or by summing over several

tracers for different size bins or modes). For a global (or regional) mean vertical

profile, the mean mixing ratio is taken (on model-level surfaces) and plotted against

monthly-mean pressure (again averaged on model-level surfaces).

For the HadGEM3–UKCA sensitivity tests, size-resolved vertical number profiles

are also calculated in the form of condensation nuclei (CN) greater than 3, 10, 14,

30, 50, 100, 300 and 500 nm dry diameter. These are calculated by integrating the

relevant portion of the log-normal size distribution for each of the UKCA aerosol

modes, and adding the number of mineral dust particles based on the separate one-

moment sectional dust scheme. Where the CN size cut-off falls within a dust bin D,

this is calculated assuming that the number distribution within the bin is log-uniform.

(This is not entirely consistent with the dust scheme itself, which assumes that the

volume distribution – rather than the number distribution – is log-uniform within

each bin. Any error introduced, however, will only affect CN > 100 nm and above

since the smallest dust bin starts at 63.5 nm.)

5.2.3 A vertical position metric

As a means of quantifying the vertical position of aerosol, such that it can be plotted

on a map or as a zonal mean on a line graph, the vertical centre-of-mass of each

aerosol component C in each column is calculated in pressure coordinates (i.e. the

aerosol-mass-weighted mean pressure level):

p̄C =
(∑

k

m
(C)
k Mkpk

)/(∑
k

m
(C)
k Mk

)
, (5.1)
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where pk is the mid-point pressure of model layer k, m(C)
k is the mass mixing ratio

of aerosol component C in that layer, and Mk is the contribution of layer k to the

column air mass. Where Mk is not provided in the model output, it is calculated

assuming hydrostatic balance as:

Mk = 1
g

∣∣∣pk+1/2 − pk−1/2

∣∣∣ , (5.2)

where pk±1/2 are the pressures at the upper and lower boundaries of layer k, and g is

the acceleration due to gravity (assumed constant, neglecting a small decrease with

height over the troposphere).

Proceeding similarly for the CN number profiles in HadGEM3–UKCA, the vertical

centre-of-number of CN with diameter larger than a in each column can be calculated

(i.e. the CN-number-weighted mean pressure level):

p̄CN>a =
(∑

k

n
(>a)
k Mkpk

)/(∑
k

n
(>a)
k Mk

)
, (5.3)

where n(>a)
k is the number of CN larger than a per unit mass of air in layer k.

5.2.4 Impact on radiative forcing

To investigate the impact of the various processes considered in HadGEM3–UKCA

on the direct aerosol effect, due to the change in vertical profile, the instantaneous

direct radiative effect (DRE) is calculated at the tropopause due to aerosol for each

of the configurations in Table 5.2 using both present-day and pre-industrial emissions.

This is done using a double call of the radiation scheme in the model, as in Bellouin

et al. (2013), with aerosol effects active only in a diagnostic call; the difference in

radiative fluxes between the two calls gives the instantaneous DRE due to all aerosol.

By further taking the difference between the present-day and pre-industrial DRE, the

direct radiative forcing (DRF) due to present-day anthropogenic aerosol is obtained.
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The interaction between UKCA aerosol and the radiation scheme in HadGEM3 is

described in detail in Bellouin (2010).

Much of the change in forcing between different configurations, however, is likely

to be due to changes in the total amount of aerosol in the atmosphere rather than

its vertical distribution. In order to (at least partially) remove such effects, the

global-mean radiative forcing is normalised by the global-mean anthropogenic aerosol

optical depth (at 550 nm wavelength):

NRFA = 〈DREPD −DREPI〉
〈AODPD − AODPI〉

. (5.4)

5.3 Results

5.3.1 Global-mean vertical mass profiles

The annual and global mean vertical profiles of each aerosol component are shown in

Figure 5.1, from the AeroCom A2.CTRL models (left column) and the HadGEM3–

UKCA process-sensitivity tests (right column). The spread of the latter generally

covers the inter-model spread in the AeroCom models, suggesting that sufficiently-

strong variations in the processes considered here can largely replicate the model

diversity as far as global-mean profiles are concerned. The main feature which

is not replicated is the “inverted S” shape exhibited by several of the AeroCom

models for sulphate, black carbon and organic aerosol: specifically the ECHAM5–

HAM, INCA and SPRINTARS models exhibit this shape for all three components;

ECHAM–SALSA and GOCART do for sulphate, while GISS–modelE does for black

carbon and organic aerosol. This is seen very weakly in some of the HadGEM3–

UKCA simulations for sulphate, and for black carbon and organic aerosol only in

BB_TROP/z; however no configuration of HadGEM3–UKCA shows such a strong

shape as can be seen in e.g. ECHAM5–HAM.
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Figure 5.1: Annual and
global mean vertical profiles
of sulphate, sea-salt, black

carbon, organic aerosol and
mineral dust mass mixing
ratio from the AeroCom

Phase II models (left) and
HadGEM3–UKCA sensitivity-

test simulations (right).
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5.3.2 Zonal-mean vertical position by mass

The zonal-mean vertical positions of each aerosol component (as represented by

the mass-weighted mean pressure level) are shown in Figure 5.2, for the AeroCom

A2.CTRL models (left column) and the HadGEM3–UKCA process-sensitivity tests

(right column). The AeroCom models show a large inter-model spread for all

components, and for sulphate, black carbon and organic aerosol the profiles vary

between fairly flat (vertical position independent of latitude) and strongly “U-shaped”

(aerosol located much higher in polar regions than tropics). Specifically, the CAM4–

Oslo, EMAC, GEOS–Chem and HadGEM3–UKCA models show a fairly flat profile

for all three components; in addition CanAM4–PAM and GISS–modelE do for

sulphate, while GISS–MATRIX does for organic aerosol, and GOCART, HadGEM2

and TM5 do for both black carbon and organic aerosol. The remaining cases show a

distinct “U” shape.

Unlike the other components, sea-salt is strongly asymmetric between the hemi-

spheres (probably due to the difference in land fraction, and strong emissions driven

by Southern Ocean winds). Mineral dust shows a “W” shape in several of the mod-

els (strongly in CAM4–Oslo, CAM5.1, GISS–modelE and TM5; weakly in EMAC,

GEOS–Chem and GISS–MATRIX), with an additional peak in the tropics (probably

due to dust transported aloft from desert regions e.g. in the Saharan outflow). In the

remaining models, mineral dust shows a “U” shape as seen for other components.

The HadGEM3–UKCA simulations are all on the flat end of the spectrum seen

in the AeroCom models, and generally cover a smaller vertical range. None of the

configurations in the process-sensitivity test are able to reproduce the “U-shaped”

curves seen in many of the AeroCom models, except for mineral dust and for sulphate

in the NO_WETOX simulation. For all components, many of the simulations produce

curves similar to BASE, with only a minority of processes significantly shifting the

vertical position of the aerosol. The set of processes which have the strongest effects

varies between the different aerosol components.
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Figure 5.2: Annual and
zonal mean mass-weighted
mean pressure level (ver-

tical centre of mass in
pressure coordinates) of
sulphate, sea-salt, black
carbon, organic aerosol

and mineral dust from the
AeroCom Phase II mod-
els (left) and HadGEM3–

UKCA sensitivity-test
simulations (right).
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For sulphate, large-scale rainout (in-cloud nucleation scavenging, the dominant

removal process) has the largest effect – there is a strong downward shift at all

latitudes in NO_LS_RO. There are also notable upward shifts from NO_CVTRANS,

NO_CV_RO, NO_COND and (particularly at middle and high latitudes) NO_WETOX.

For sea-salt, convective rainout has the largest effect on the vertical distribution

(even though dry deposition dominates removal) – there is a strong upward shift

at all latitudes in NO_CV_RO. Large-scale rainout takes over at high latitudes,

with NO_LS_RO causing a similar shift there. Boundary-layer mixing also appears

important, with NO_BLMIX showing a downward shift except at latitudes with

relatively little ocean (Antarctica and the northern mid-latitudes).

For black carbon and organic aerosol, the picture is a little more complex.

BB_TROP/z shows a large upward shift, while BB_SURF shows only a small

downward shift – this suggests that biomass-burning emissions are well-mixed by

the boundary layer scheme and thus the emission profile only becomes important if

it extends well into the free troposphere. This is borne out by the larger downward

shift seen in NO_BLMIX. The effects of rainout and condensation are similar to

those for sulphate, with a downward shift from NO_LS_RO and upward shifts from

NO_CV_RO and NO_COND. Ageing also plays a big role, as primary BC/OA

are emitted into the insoluble modes: AGE_INST (which will hasten removal)

shows a downward shift, while AGE_NEVER shows an upward shift very similar to

NO_RAINOUT (as expected since the aerosol never becomes soluble, and is thus not

susceptible to in-cloud scavenging).

For mineral dust, boundary layer mixing dominates – in NO_BLMIX, aerosol

emitted at the surface is never mixed upwards and is immediately removed by

dry deposition in the same timestep due to the operator-splitting of emission and

deposition in the model. (The high altitude shown in the plots is an artefact of the

very small amount of dust still present from the starting state of the model – removal

from the tropopause layer is very slow, while the rest of the troposphere has been
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cleaned of dust during the spin-up period.) Dry deposition and washout (below-cloud

impaction scavenging) also play a significant role – NO_DDEP and NO_WASHOUT

show an enhanced “U” shape (due to an upward shift at high latitudes) and a

flattening of the curve (due to both a downward shift at high latitudes and an

upward shift in the tropics) respectively.

5.3.3 Size-resolved CN profiles

The annual and global mean vertical number profiles of CN larger than 3, 10, 14, 30,

50, 100, 300 and 500 nm diameter from the HadGEM3–UKCA process-sensitivity

tests are shown in Figure 5.3. There is a steady progression going from smaller to

larger diameters: for most configurations, the global mean profiles go from peaking

strongly in the tropopause to fairly well-mixed in the vertical, and then to peaking

near the surface.

The zonal mean vertical position of CN larger than each of these diameters (as

represented by the number-weighted mean pressure level) is shown in Figure 5.4.

Again, the progression in size can be seen, with smaller diameters showing a humped

shape with their highest average position in the tropics, while larger diameters show

a “U” shape similar to that seen for component masses in many of the AeroCom

models, with their highest position towards the poles. In the CN > 14 and 30 nm

size range, the meridional profile of vertical position is almost flat.

For the smallest (and most numerous) particles which dominate CN > 3 nm, the

strongest effects are seen from the microphysical processes. NO_NUCL reduces the

number of particles at all levels (Figure 5.3), but especially (and by several orders of

magnitude) in the tropopause layer where most nucleation occurs – thus producing

a strong downward shift in mean position (Figure 5.4), which is strongest in the

tropics, reversing the humped shape shown in BASE. NO_COND also produces a

strong downward shift, but by a different route leaving the tropical “hump” intact –
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Figure 5.4:
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sure level
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particle numbers increase at all levels, but especially in the lower troposphere where

the condensation sink normally suppresses nucleation. NO_COAG results in a very

high mean vertical position at all latitudes, although the global mean profile does not

change shape much but the particle count increases by about an order of magnitude

at all levels. WITH_BLN increases the particle number in the lower troposphere,

causing a downward shift in mean position especially in the mid-latitudes. In addition

to microphysical processes, NO_RAINOUT causes a downward shift even though

CN > 3 nm is dominated by particles too small to be activated as CCN; the effect

from NO_LS_RO or NO_CV_RO alone is rather small however. (Although there

are no changes to the scavenging of gas-phase aerosol precursors in any of these

simulations, the scavenging of larger particles will affect the condensation sink and

consequently the nucleation rate.) A modest downward shift at all latitudes is also

seen from EM_SMALL, which increases particle numbers in the lower troposphere

where most emissions are injected.

Looking at only the larger particles (CN > 50 nm and CN > 100 nm) which may

act as CCN if they have a soluble component, the picture is somewhat changed.

Microphysics remain important, with NO_NUCL still reducing particle numbers at

all levels and causing a downward shift, although less dramatically than at smaller

sizes, while WITH_BLN no longer has much effect at all. NO_COND shows a much

more modest increase in particle numbers than at smaller sizes, and acts to flatten

the “U” shape of the meridional profile, mostly by an upward shift in the tropics.

At these larger sizes, NO_COAG reduces the particle number especially at higher

levels, leading to a downward shift at all latitudes. Wet deposition becomes much

more important in this size range, with NO_LS_RO showing a downward shift at all

latitudes, while NO_CV_RO shows an upward shift in the tropics; these combine in

NO_RAINOUT to give a largely-flat meridional profile. There is also now a (weaker)

flattening from NO_WASHOUT, and a small downward shift at all latitudes from

NO_DDEP as particles collect in the lowest layer. Primary emission height and
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size distribution, and ageing, also become important, with BB_TROP/z showing an

upward shift, EM_LARGE and EM_SMALL showing an upward and a downward

shift respectively, and AGE_NEVER showing a flattening of the meridional profile.

At still larger sizes (for CN > 300nm and CN > 500nm), the picture changes again.

The impact of wet deposition processes becomes even stronger, with NO_LS_RO,

NO_CV_RO, NO_RAINOUT and NO_WASHOUT all dramatically increasing the

total number of particles; NO_LS_RO concentrates the profile towards the surface,

giving a downward shift at most latitudes, while the other processes show an upward

shift making both the global vertical profile and meridional profile of vertical position

more uniform. The impact of biomass-burning emission profiles becomes much

stronger, with BB_TROP/z showing a pronounced peak in the global vertical profile

around the tropopause and an upward shift concentrated in the 50°S–10°N latitude

range. Primary particle size continues to be important, as do ageing and microphysics.

Aqueous chemistry, boundary-layer mixing and re-evaporation also start to have an

effect: NO_WETOX shows a downward shift in the southern hemisphere; NO_BLMIX

shows a downward shift in the tropics and northern hemisphere for CN > 500 nm

(likely due to the increasing contribution of mineral dust to the particle count at

larger sizes); and WITH_REEVAP shows a small downward shift at all latitudes.

A number of the processes make little difference to any of the number profiles:

BB_SURF, AGE_INST, NO_VADV all look very similar to BASE.

5.3.4 Normalised direct radiative forcing

The AOD-normalised radiative forcing (NRFA) due to anthropogenic aerosol in

each of the HadGEM3–UKCA configurations is shown in Figure 5.5, along with the

absolute RF and anthropogenic change in AOD from which NRFA is calculated.

Strong effects are seen in BB_TROP/z, NO_WETOX and NO_COND (where NRFA

becomes much more strongly negative than in BASE – and in the case of NO_COND,
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the absolute RF also becomes stronger); also in NO_LS_RO and NO_RAINOUT

(where NRFA becomes more weakly negative due to the very large increase in ∆AOD

compared to the change in absolute RF); and finally in AGE_NEVER (where NRFA

changes sign to become positive, because ∆AOD becomes negative although the

absolute RF remains negative). A more modest weakening of NRFA is seen in

NO_BLMIX, EM_LARGE and EM_SMALL (due to weaker absolute RF), and in

NO_CVTRANS, WITH_REEVAP and NO_CV_RO (due to increased ∆AOD).

5.4 Discussion

Although the overall inter-model spread of the AeroCom A2.CTRL global-mean

vertical profiles is well covered by the spread of profiles from the HadGEM3–UKCA

process-sensitivity tests (Figure 5.1), the same is not true for the meridional variation

in vertical position, where the spread from these simulations is typically narrower

than that of the AeroCom models (Figure 5.2). In addition, none of the (fairly

strongly perturbed) HadGEM3–UKCA simulations are able to reproduce either the

strong “inverted S” shape seen in the global-mean vertical profile of several of the

AeroCom models, or the “U” shape in the meridional profile of vertical position.

For sulphate, where nucleation and condensation provide a significant upper-

troposphere source, a weak version of the “inverted S” shape is seen in most of the

process-sensitivity test simulations, but none of the configurations enhance the shape

seen in BASE to anything approaching the shape seen in e.g. ECHAM5–HAM2. For

black carbon and organic aerosol, a similar shape is seen in BB_TROP/z (where

biomass-burning emissions are extended all the way to the tropopause). It is very

unlikely that any realistic model would actually inject such emissions as high as this,

but it is possible that emissions at a lower level followed by convective transport with

weak scavenging and a high detrainment level might cause a similar effect. Although

the effect of switching off convective transport or scavenging in HadGEM3–UKCA
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AOD, and AOD-normalised DRF, due to anthropogenic aerosol, for each of the
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is considered, the effect of changes to the convective parameterisation which might

alter the vertical profile with which aerosol is detrained has not been tested – such

an experiment might shed further light on the mechanism by which this profile shape

is generated.

A “U” shape is seen in the meridional profile of vertical position for mineral dust

in HadGEM3–UKCA (which is transported by a separate scheme), but not for any

of the other aerosol components which are included in UKCA. The only exception

is for sulphate in the NO_WETOX simulation, where (presumably due to the loss

of a major free-troposphere source of sulphate) such a shape does develop. Unlike

the other components, dust emissions are heavily concentrated at low latitudes,

which would be expected to cause the dust burden in the tropics to be dominated by

freshly-emitted dust near the surface.

The variation with particle size of the meridional profile of vertical position by

number (Figure 5.4) suggests the possibility that this “U” shape (which is seen in

the number profile of larger CN in HadGEM3, and inverted for smaller CN) might

be related to the size distribution: shifting the balance from small nucleation- and

Aitken-mode particles to larger accumulation-mode particles might produce more

of a “U” shape in the mass profiles. However, no such effect is seen in NO_NUCL,

where the lack of new-particle nucleation should produce such a shift in the size

distribution.

For all aerosol components, only a minority of the processes show a significant

effect on vertical position in HadGEM3–UKCA (although the specific processes

which are important vary by component). Transport by large-scale vertical advection

shows very little effect on the zonal-mean vertical position of any of the components

by mass, or of CN at any size by number. This suggests that, at a typical global

climate model resolution, vertical transport of aerosol is dominated by unresolved

scales (i.e. convection and boundary-layer turbulence). There are further processes
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(nucleation, coagulation and emission size) which affect only the CN number profiles,

while having very little effect on the component mass profiles.

From the changes in AOD and radiative forcing seen in Figure 5.5, it can be

seen that, of the processes which affect the vertical profile of aerosol, the ones

that have the greatest potential impact on direct radiative forcing are the extent

of biomass-burning emissions into the free troposphere, production of sulphate by

aqueous oxidation, ageing of insoluble particles, in-cloud scavenging and to a lesser

extent the size distribution of primary emissions.

5.5 Summary and conclusions

This chapter has investigated the impact of a wide range of processes on aerosol

vertical distribution in the HadGEM3–UKCA aerosol–climate model through a series

of limiting-case process-based sensitivity tests. It was shown that the processes which

have the greatest impact on the vertical distribution vary both between different

aerosol components, and over the particle size spectrum.

In-cloud scavenging (both large-scale and convective) was shown to be impor-

tant for all components except mineral dust (which never ages to become soluble

in HadGEM3). Growth of particles by condensation from the gas phase was im-

portant for sulphate and carbonaceous aerosol, with growth by aqueous oxidation

also important for sulphate. Ageing from insoluble to soluble (which controls the

susceptibility to removal by in-cloud scavenging) was also important for carbona-

ceous aerosol. Boundary-layer mixing was of great importance for those components

emitted purely at or near the surface (mineral dust and sea-salt). Dry deposition

and below-cloud scavenging affected only the profile of mineral dust (which includes

very large particles, and is not removed by in-cloud scavenging in this model).

In terms of particle size, microphysical processes (nucleation, condensation and

coagulation) were shown to be the dominant processes in terms of the vertical profile
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of the smallest and most numerous particles (CN > 3 nm), while the size distribution

and altitude of primary emissions, and removal processes, became progressively more

important at larger sizes.

For the AOD-normalised direct radiative forcing, the strongest effects came

mostly from processes which affect the vertical mass distribution: aqueous oxidation,

ageing, in-cloud scavenging and the extent of biomass-burning emissions into the

free troposphere; however there were smaller effects due to the size distribution of

primary emissions, which had little effect on the vertical mass profile but did affect

the CN number profiles (as well as being expected to change the optical properties

of the aerosol).

From studying the process sensitivity of the vertical profiles in a single model,

it cannot be determined whether the processes identified are universally the most

important for controlling the vertical profile, or whether this varies amongst models.

It would therefore be illuminating to conduct similar sensitivity tests with one or

more other models, to establish the consistency (or otherwise) of the processes

controlling the vertical profile.

In addition, the spread of vertical profiles from these HadGEM3–UKCA sensitivity-

test simulations was compared with the inter-model diversity from the AeroCom

Phase II control experiment. This showed that, although these processes could

account for the overall spread in the global-mean AeroCom profiles, there were

certain features which none of the HadGEM3–UKCA simulations could reproduce:

specifically an “inverted S” shape in the global mass profiles (where the vertical mass

distribution had a secondary peak in mixing ratio in the upper troposphere), and

a “U” shape in the meridional profile of mass-weighted vertical position (where the

centre-of-mass of aerosol was lower in the tropics than at higher latitudes).

This suggests that there are additional structural differences between the AeroCom

models that are important for controlling the vertical distribution, beyond those

captured by the processes considered here (e.g. in the parameterisation of convective
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transport). Identifying these structural differences may help to better understand

the causes of the diversity between models, and thus to quantify and (with the help

of observations) reduce the uncertainty in our modelling of aerosol vertical profiles

and the resulting effects on Earth’s climate.



Chapter 6

Summary and conclusions

Aerosol particles in the atmosphere play an important role in global and regional

climate, both through direct effects on the radiative balance in the atmosphere and

indirect effects via interaction with clouds and precipitation. There are both natural

and anthropogenic sources of aerosol, and their effects represent some of the largest

uncertainties in current estimates of human impact on climate.

Interactions between aerosol, cloud and precipitation are two-way: not only do

aerosols affect the properties of clouds, including the development of precipitation,

but clouds and precipitation play a role in the processing and removal of aerosol.

Cloud droplets (and ice particles) take up aerosol particles either via activation as

they form, or by subsequent impaction; the aerosol is then either removed from the

atmosphere in precipitation, or returned to the atmosphere when droplets evaporate

(or sublime). The former process (scavenging or wet deposition) represents a major

sink of aerosol; the latter (cloud cycling) causes a shift toward larger aerosol particles

of mixed composition, due to the coalescence of cloud droplets between formation

and evaporation.

Being relatively short-lived in the atmosphere, aerosol particles are not well-mixed,

and their climatic effects depend not only on the total mass of aerosol but also on

its size distribution, mixing state and vertical profile. This thesis has attempted

143
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to address several aspects of this dependence, with a view to reducing the overall

uncertainty in estimates of the direct and indirect effects of aerosol. The approach

has been primarily model-based, but using satellite and in-situ aircraft observations

to evaluate and constrain the model results.

6.1 Summary of work presented in previous chapters

The extent to which aerosol particles (and indeed water) are repeatedly cycled through

cloud is not well constrained by direct observations. Chapter 2 aimed to quantify

this in order to assess its potential role in controlling the size distribution and mixing

state of aerosol. That was achieved using simulations with the HadGEM3–UKCA

global aerosol–climate model, and the results compared with two previous studies

(one based on a simple global budget argument, and the other using a different global

model), to establish the consistency of estimates from different models.

A method was developed to diagnose the cycling rates of both water and aerosol

through large-scale cloud in the model, based on the increments to cloud water and

cloud fraction from the prognostic cloud scheme and the diagnostic split between

in-cloud and interstitial aerosol assumed by the in-cloud nucleation scavenging

scheme.

A one-year simulation with this model showed water cycling on average 0.96 times

through large-scale cloud, and aerosol mass 0.17 times. These figures are lower than

those of Hoose et al. (2008a) using ECHAM5–HAM (1.8 and 0.53) and Pruppacher

and Jaenicke (1995) from a global budget argument (2.6 and 0.4). However, the

figure for HadGEM3–UKCA was found to vary considerably between the different

aerosol components, according to the dominant removal mechanism. Sulphate (mostly

removed by wet deposition, and with significant in-cloud production) was cycled

2.7 times, while sea-salt (mostly removed by dry deposition) was only cycled 0.13

times, giving a range much larger than the spread of the three all-aerosol estimates.
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Differences in the split between large-scale and convective cloud may also play a role,

as the analysis of Pruppacher and Jaenicke suggests that including convective cloud

dramatically increases the number of cycles.

Moving on to consider the influence of precipitating cloud on aerosol, Chapter 3

asked to what extent model representations of the effects of in-cloud scavenging on

the global distribution and transport of aerosol can be improved through introducing

greater physical realism. To this end, several shortcomings of the aerosol scavenging

scheme in HadGEM3–UKCA were identified, and potential improvements proposed

and evaluated.

A physically-detailed approach was proposed for scavenging by large-scale cloud

and precipitation, aiming for maximum consistency with the microphysics of the

large-scale precipitation scheme. This would track aerosol through cloud water,

ice, rain and snow until it is either deposited at the surface or re-released upon

evaporation or sublimation. However, the hydrometeor size distributions are all

assumed in the bulk microphysics of HadGEM3. Although consistency with these

assumed distributions can in theory be achieved (as derived in Appendix A), their

use is likely to negate the aims of greater physical realism and reduced reliance on

arbitrary parameters such that the complexity of this approach is unwarranted.

It was then shown how improvements could be made within the existing framework,

by (i) replacing the fixed rainout timescale with a first-order loss rate proportional

to the rate at which cloud water is converted to rain in the large-scale precipitation

scheme, (ii) by moving convective scavenging into the convection scheme itself, so

that these are no longer operator-split, and (iii) by accounting for the aerosol released

when large-scale rain evaporates.

The first two both produced a decrease in global aerosol burdens and aerosol

optical depth (AOD), as large-scale and convective scavenging respectively became

more efficient at removing aerosol from the atmosphere; these decreases in AOD

worsen the negative bias of this version of the model compared to MODIS. Changes
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in more recent versions of HadGEM3–UKCA, however, have led to a positive AOD

bias which appears to be reduced by the in-plume convective scavenging scheme.

For the proportional-rate large-scale scheme, the simulated annual global mean

MODIS-collocated 550 nm AOD decreased from 0.128 to 0.118 (compared to 0.159

from MODIS), but the correlation in log-AOD over the days and grid points improved

(r2 increased from 0.294 to 0.309) – suggesting that the process representation was

an improvement, although compensating errors elsewhere were unmasked.

For the in-plume convective scavenging, the simulated year-2009 AOD decreased

from 0.088 to 0.057 (compared to 0.168 from MODIS), while the correlation again

increased from 0.289 to 0.317. In this case, the reduction in aerosol had a strong

vertical profile with accumulation-mode aerosol (which represents most of the mass)

drastically reduced in the middle and upper troposphere. Additionally, increased

nucleation- and Aitken-mode aerosol was seen, which was likely due to the reduced

condensation sink leading to enhanced nucleation of new sulphate particles.

In the case of aerosol release from evaporating precipitation, the effects on global

aerosol burdens and AOD were modest, but increases of a factor of two in number

and mass were seen in regions of clean marine stratocumulus where the model is

known to underestimate the number of cloud condensation nuclei (CCN), and where

the indirect effect is likely to be particularly sensitive to an increase in CCN.

The vertical distribution of aerosol is not well constrained by observations on

the global scale, due to the limitations of remote sensing techniques and the limited

spatial and temporal coverage of in-situ observations. Aiming to provide further

constraints on the vertical profile and the processes controlling it, methods were

developed in Chapter 4 for evaluating aerosol–climate models against observations

from large-scale aircraft campaigns. These methods were applied to investigate the

impact of convective scavenging and biomass-burning emissions on the vertical profile

of black carbon in the HadGEM3–UKCA and ECHAM5–HAM2 models.
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By running the models in nudged configurations and interpolating their output

onto the flight track, a detailed pointwise comparison was made between the sim-

ulated mass of black carbon (BC) aerosol and in-situ aircraft observations from a

Single-Particle Soot Photometer (SP2) flown during the HIPPO campaign. These

measurements were also used to evaluate column-integrated BC burdens from the

two models, which are a more direct output than the optical or radiative properties

which can be evaluated via remote sensing.

Both models over-predicted BC burden compared to the HIPPO measurements,

by up to an order of magnitude in remote regions, suggesting that the BC lifetime in

the models is too long. In HadGEM3–UKCA, the largest discrepancy (an excess in

the tropical upper troposphere) was eliminated by replacing the standard operator-

split convective scavenging scheme with the in-plume scheme of Section 3.4. This

improved the simulated column burdens, bringing them within the estimated error

bounds of those derived from the HIPPO observations at many locations, and also

the vertical distribution, giving a statistically significant increase in the pointwise

correlation with all three phases of HIPPO included in the analysis (r increased from

0.22 to 0.41, 0.27 to 0.42, and 0.51 to 0.65 for HIPPO-1, -2, and -3, respectively).

In both models, a smaller and not statistically significant improvement was seen

when changing from GFED2 to the newer GFED3.1 biomass-burning emissions

inventory, and there was virtually no change in ECHAM5–HAM2 between using

these emissions at monthly or 3-hourly time resolution.

It was also shown in HadGEM3–UKCA that the model–observation correlation

was increased in nudged simulations compared to their free-running equivalents, and

furthermore that the difference in correlation between configurations was enhanced.

In particular, the improvement from in-plume convective scavenging could only be

shown to be statistically significant when the simulations were nudged.

Having demonstrated the importance of convective scavenging for the vertical

profile of black carbon, Chapter 5 broadened the focus to ask more generally what
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processes are responsible for controlling the vertical distribution of aerosol, and

quantify their impact on the direct radiative effect. This was investigated using a

series of limiting-case process-sensitivity tests in HadGEM3–UKCA, for a wide range

of processes. This showed that the processes having the strongest impact on the

vertical distribution vary both between different aerosol components, and over the

particle size spectrum.

In-cloud scavenging was found to be important for all components except mineral

dust (which does not interact with cloud at all in this model). Growth by condensation

from the gas phase was important for sulphate and carbonaceous aerosol, with

aqueous oxidation of dissolved SO2 in cloud droplets also important for sulphate.

The insoluble-to-soluble transition (ageing) and altitude of primary emissions were

also important for carbonaceous aerosol. Boundary-layer mixing was very important

for mineral dust and sea-salt, which are emitted purely at or near the surface. Dry

deposition and below-cloud scavenging only had a significant effect on the vertical

profile of mineral dust.

Microphysical processes dominated the vertical profile of the smallest particles,

as represented by condensation nuclei larger than 3 nm diameter (CN > 3 nm). At

larger sizes, the size distribution and altitude of primary emissions, and removal

processes, became progressively more important.

The strongest effects on the AOD-normalised direct radiative forcing due to

anthropogenic aerosol came from the processes affecting the vertical mass distribution

(aqueous oxidation, ageing, in-cloud scavenging and the extent of biomass-burning

emissions into the free troposphere), although there were also smaller effects due the

size distribution of primary emissions.

There is a substantial diversity in aerosol vertical profiles between current aerosol–

climate models, and Chapter 5 also asked to what extent this diversity can be

accounted for by the processes identified as controlling the vertical profile. To answer

this, the spread of vertical profiles from the sensitivity-test simulations was compared
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with the inter-model diversity from the AeroCom Phase II models. Although the

processes considered could account for the overall spread in the global-mean AeroCom

profiles, there were two particular features common to multiple models which none

of the HadGEM3–UKCA simulations could reproduce: an “inverted S” shape in the

global mass profiles, and a “U” shape in the meridional profile of mass-weighted

vertical position. This suggests that there are further structural differences between

some of the models that influence the vertical distribution, beyond those studied in

HadGEM3–UKCA in this chapter.

6.2 General conclusions and recommendations for fur-
ther work

The work presented here highlights the importance of interactions with cloud and

precipitation in controlling the global distribution of atmospheric aerosol.

The results from Chapter 2 suggest that sulphate and carbonaceous aerosol in

the atmosphere have, on average, been cycled through non-precipitating large-scale

cloud more than once. Although the number of cycles is less than the estimates

of Pruppacher and Jaenicke (1995), this is consistent with the work of Hoose et al.

(2008a) and Croft (2011, ch. 4). This suggests that the shift towards larger particle

sizes and greater internal mixing from the coalescence of aerosol-containing cloud

droplets is likely to play a significant role in controlling the size distribution and

mixing state of aerosol on a global scale. It is therefore expected that a realistic

parameterisation of this mechanism is important if models are to accurately simulate

the size distribution and mixing state of aerosol able to act as CCN.

In a two-moment cloud scheme, where droplet number is a prognostic variable,

the effect on aerosol can be modelled explicitly in the parameterisation of droplet

coalescence. However, in a one-moment cloud scheme such as that in HadGEM3,

where droplet number is a diagnostic function of liquid water content, this is not
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possible. While switching to a two-moment cloud scheme would bring many benefits,

if this is not practical then consideration should be given to a parameterisation of

in-cloud aerosol coalescence based only on bulk cloud variables. Such a scheme is

likely to have limited accuracy, but an improvement on the existing “cloud processing”

mechanism in UKCA (which simply shifts particles larger than 37.5 nm from the

Aitken to the accumulation mode) should be possible. It is also recommended

that cycling through convective cloud should be investigated further, and its effects

parameterised if it is found to be important – as the work of Pruppacher and Jaenicke

(1995) and Croft (2011, ch. 4) suggest is the case.

Precipitating cloud also has a strong influence on aerosol via scavenging and wet

deposition. The work in Chapter 3 shows that increasing the physical realism with

which scavenging is represented in HadGEM3–UKCA can lead to substantial changes

in the global burden, geographical distribution and vertical profile of aerosol. In

particular, when convective scavenging is tightly coupled with convective transport

using an in-plume scheme, the amount of aerosol reaching the middle and upper

troposphere is much reduced compared to when an operator-split scheme is used. This

also leads to a reduction in column burdens globally, but especially in remote regions

which suggests that this is a key process in controlling the long-range transport

of aerosol. The work in Chapter 4 (and Kipling et al., 2013) demonstrates that,

for black carbon at least, this reduced upward and long-range transport produces

a better match to in-situ aircraft observations. It is therefore recommended that

convective scavenging and transport should not be operator-split in models, and that

further consideration should be given to accurately modelling its strength, given its

strong role in controlling the global and vertical distribution of aerosol.

Although the microphysically-detailed large-scale scavenging scheme described

in Section 3.2 was not implemented due to the likely limited benefit of such detail

in the context of a one-moment bulk cloud scheme with assumed hydrometeor size

distributions, the large role played by cloud cycling, scavenging and wet deposition
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in the life cycle of atmospheric aerosol suggests that consideration should be given to

such a scheme in the context of a future two-moment cloud and precipitation scheme.

The inclusion of aerosol release by re-evaporation of falling precipitation has

only a modest impact globally, as shown in Section 3.5, but leads to factor-of-two

increases in accumulation-mode aerosol number in many regions of persistent marine

stratocumulus. These are precisely the regions where the indirect aerosol effects are

thought to be of particular importance. Further experiments investigating the impact

of the re-evaporation scheme in a version of the model containing a representation

of the first and second indirect effects (as used in West et al., 2013) are therefore

recommended.

The model evaluation carried out in Chapter 4 also serves to demonstrate the

powerful role that vertically-resolved in-situ aircraft observations can have in evalu-

ating aerosol–climate models, especially when coupled with nudging and flight-track

sampling in the model. Although the evaluation carried out here focused on the

remote Pacific region, it is suggested that similar analyses using data from campaigns

in other regions would be beneficial. In particular, obtaining similar observational

constraints in near-source regions would complement this work well – and would be

better suited to resolving questions related to emission processes.

The analysis presented in Chapter 5 confirms the importance of in-cloud scaveng-

ing (both large-scale and convective) as one of the processes having the strongest

effect on the vertical distribution of aerosol, and identifies the other processes having

large effects. These vary between the different aerosol components, but in general

the vertical distribution of the larger particles (and thus the total mass) is mostly

controlled by removal and secondary production processes, while that of the smaller

particles is heavily influenced by the microphysical processes. This suggests that,

while a bulk mass-based evaluation can constrain source and removal processes (as

in Chapter 4), a size-resolved evaluation using similar techniques would have the

potential to constrain aerosol microphysics as well.
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Because the range of processes studied in Chapter 5 appears insufficient to

reproduce broad features of the aerosol distribution appearing in several of the

AeroCom models, it is recommended that further investigations be carried out to

identify the structural factors in the models which are responsible for these features.

It is also suggested that equivalent process-based sensitivity tests be conducted in

additional models, to establish the extent to which the processes controlling the

vertical distribution are consistent between models – which would give increased

confidence that these are indeed the processes which determine the vertical profile of

aerosol in the atmosphere.



Appendix A

Mathematical formulation of a
microphysically-consistent
scavenging scheme for
HadGEM3–UKCA

This appendix presents a derivation of the continuous equations represent-
ing the microphysically-detailed large-scale scavenging scheme described in
Section 3.4, and their discretisation to the model grid and timestep.

The microphysical transfer terms in Table 3.2 can be grouped into mass transfers

between the different phases (these are all in mass of water per unit mass of air per

unit time, i.e. kg(water) kg−1
(air) s−1):

Tqcl→q = PLSETEV + PIDEP1 (A.1)

Tqcl→qR = PRACW + PRAUT (A.2)

TqR→q = PREVP (A.3)

Tqcl→qcfc = PIACW + PIPRM1 + PIFRW (A.4)

Tq→qcfc = PIDEP1 + PIDEP2 + PIPRM2 (A.5)

Tqcfc→qR = PIMLT (A.6)
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Tqcfc→q = PISUB + PIMLTEV (A.7)

TqR→qcfc = PIACR (A.8)

Tqcl→qcfa = PSACW + PSDEP1 (A.9)

Tq→qcfa = PSDEP2 (A.10)

Tqcfa→qR = PSMLT (A.11)

Tqcfa→q = PSSUB + PSMLTEV (A.12)

TqR→qcfa = PSACR (A.13)

Tqcfc→qcfa = PSAUT + PSACI (A.14)

Tqcfa→qgraup = PGAUT + PGACS (A.15)

Tqcl→qgraup = PGACW (A.16)

Tqgraup→qR = PGMLT. (A.17)

The total mass mixing ratio m(i)
T of a chemical species i is split into a gaseous

portion m(i) and portions taken up by each of the water phases (m(i)
cl , m

(i)
cfc, m

(i)
cfa,

m
(i)
R , m(i)

graup) so that

m
(i)
T = m

(i)
cl +m

(i)
cfc +m

(i)
cfa +m

(i)
R +m

(i)
graup +m(i). (A.18)

For aerosol species, the “free” or interstitial aerosol m(i) is divided into modes

m
(i)
M , as in the existing scheme, while the portion taken up by the water phases

follows the size distribution assumed for droplets or ice particles. Thus the same

equation applies, with

m(i) =
∑
M∈M

m
(i)
M , (A.19)
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whereM is the set of aerosol modes, i.e.

m
(i)
T = m

(i)
cl +m

(i)
cfc +m

(i)
cfa +m

(i)
R +m

(i)
graup +

∑
M∈M

m
(i)
M . (A.20)

The evolution of water in each phase in the large-scale precipitation scheme is

given by

∂qx
∂t

=
∑
y∈P

(
Tqy→qx − Tqx→qy

)
+ 1
ρ

∂Fqx↓
∂z

(A.21)

for each x ∈ P , where P is the set of water phases and Fx↓ the downward precipitation

flux of water in that phase (an area flux, i.e. mass of water per unit horizontal area

per unit time or kg m−2 s−1).

The corresponding evolution of chemical or aerosol species in that water is given

by

∂m(i)
x

∂t
= S(i)

qx −R
(i)
qx +

∑
y∈P ′

(
Tqy→qxm

(i)
y

qy
−
Tqx→qym

(i)
x

qx

)
+ 1
ρ

∂

∂z

(
Fqx↓m

(i)
x

qx

)
(A.22)

for each x ∈ P ′, where P ′ is the set of water phases excluding vapour, S(i)
qx is take-up

(scavenging) from the gaseous/interstitial mode(s), and R(i)
qx is release to those modes.

Note that the Tqx→qym
(i)
x /qx terms are ill-defined where qx approaches zero.

However, where qx is small, it is clear that the transfer of chemical/aerosol out of

this phase must also be small. Thus to avoid division by zero, the terms are dropped

altogether when qx is below a threshold value.

For the evolution of chemical species in the gaseous state, or total interstitial

aerosol across all modes,

∂m(i)

∂t
=
∑
x∈P ′

(
R(i)
qx − S

(i)
qx

)
. (A.23)
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For aerosol species, it is necessary to consider the size spectrum, S(i)
nx(r) or R(i)

nx(r),

of the aerosol taken up or released:

∂n(i)(r)
∂t

=
∑
x∈P ′

(
R(i)
nx(r)− S

(i)
nx(r)

)
, (A.24)

with the total number and mass rates given by:

S
(i)
Nx =

∫ ∞
0

S(i)
nx(r) dr S(i)

qx = 4
3πρ

(i)
∫ ∞

0
r3S(i)

nx(r) dr (A.25)

R
(i)
Nx =

∫ ∞
0

R(i)
nx(r) dr R(i)

qx = 4
3πρ

(i)
∫ ∞

0
r3R(i)

nx(r) dr, (A.26)

assuming spherical aerosol particles. Given that at present the model only has a

one-moment bulk scheme for cloud and precipitation, this requires assumed size dis-

tributions for cloud water droplets, raindrops and ice particles. These are considered

for each process in turn below, based on those used by the precipitation scheme itself

(Wilkinson et al., 2009). It is likely that a future version of HadGEM will gain a

multi-moment prognostic cloud and precipitation scheme; when this is used, the

simulated hydrometeor size distribution should be used instead.

A.1 Processes releasing aerosol from water phases to
free/interstitial modes

A.1.1 LSETEV: evaporation of settling droplets

The implementation of droplet settling in the large-scale precipitation scheme assumes

a Khrgian–Mazin gamma distribution Γ(3, θcl) of droplet radii,

ncl(r) = Ncl

2θ3
cl
r2e−

r
θcl , (A.27)
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where Ncl =
∫∞

0 ncl(r) dr is the total droplet number density (currently fixed values

over land and sea, although it could be diagnosed via aerosol activation), and the

parameter θcl is given by

θcl = 3

√
ρqcl

80πρwNcl
, (A.28)

so that ρqcl = 4
3πρw

∫∞
0 r3ncl(r) dr (Wilkinson et al., 2009, §6.2.1), where spherical

droplets are assumed. The droplets are assumed to fall at a terminal speed of:

Vcl(r) = K1r
2, (A.29)

where K1 is a function of temperature only (Wilkinson et al., 2009, §6.2.1).

The downward number flux of droplets with radius r is thus

Fncl↓(r) = ncl(r)Vcl(r) (A.30)

= K1Ncl

2θ3
cl
r4e−

r
θcl , (A.31)

giving a total downward mass flux

Fqcl↓ = 4
3πρw

∫ ∞
0

r3Fncl↓(r) dr (A.32)

= 4
3πρw

∫ ∞
0

K1Ncl

2θ3
cl
r7e−

r
θcl dr (A.33)

= 42K1θ
2
clρqcl. (A.34)
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Assuming that the distribution of droplets falling into cloudy and clear air are

identical, the number rate of evaporation for droplets of radius r is

Tncl→q(r)|LSETEV = Tqcl→q|LSETEV
Fqcl↓

Fncl↓(r) (A.35)

= Tqcl→q|LSETEV
Fqcl↓

K1Ncl

2θ3
cl
r4e−

r
θcl (A.36)

= Ncl Tqcl→q|LSETEV
84θ5

clρqcl
r4e−

r
θcl , (A.37)

i.e. a Γ(5, θcl) distribution with a total number rate

TNcl→q|LSETEV = 2Ncl Tqcl→q|LSETEV
7ρqcl

. (A.38)

Assuming a uniform concentration of the aerosol species i in the cloud water

(which, as noted earlier, may not be realistic for small droplets), a spherical droplet

of radius rcl leaves behind a spherical aerosol particle of dry radius

r(i) = φ
(i)
cl rcl, (A.39)

where

φ
(i)
cl = 3

√√√√ ρw

ρ(i)
m

(i)
cl
qcl

, (A.40)

so that the dry size distribution of released aerosol particles is given by

R(i)
ncl

∣∣∣
LSETEV

(r(i)) dr(i) = Tncl→q|LSETEV (rcl) drcl, (A.41)
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which leads to a Γ(5, θ(i)
cl ) distribution:

R(i)
ncl

∣∣∣
LSETEV

(r(i)) = Tqcl→q|LSETEV
Fqcl↓

K1Nclθ
2
cl

2
(
θ

(i)
cl

)5

(
r(i)
)4

e
− r

(i)

θ
(i)
cl (A.42)

= Ncl Tqcl→q|LSETEV

84ρqcl
(
θ

(i)
cl

)5

(
r(i)
)4

e
− r

(i)

θ
(i)
cl , (A.43)

where

θ
(i)
cl = θclφ

(i)
cl (A.44)

= 3

√√√√ ρm
(i)
cl

80πNclρ(i) . (A.45)

This gives a total number rate

R
(i)
Ncl

∣∣∣
LSETEV

= TNcl→q|LSETEV (A.46)

= 2Ncl Tqcl→q|LSETEV
7ρqcl

, (A.47)

and mass rate

R(i)
qcl

∣∣∣
LSETEV

= m
(i)
cl
qcl

Tqcl→q|LSETEV . (A.48)

A.1.2 REVP: evaporation of rain

The large-scale precipitation scheme assumes a Marshall-Palmer negative-exponential

distribution Exp(λR) ≡ Γ(1, 1
λR

) for raindrop diameters:1

nR(D) = na,Rλ
nb,R
R e−λRD, (A.49)

1The precipitation scheme (Wilkinson et al., 2009) uses diameters for raindrops and ice particles,
but radii for cloud droplets. Here radii are preferred, except where diameter-based formulations are
inherited from the documentation, as in this case.
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where na,R and nb,R are fixed parameters (note that nb,R is a non-integer exponent),

and λR will be determined from the rainfall rate (Wilkinson et al., 2009, §4.1).

The raindrops are assumed to fall at a terminal speed of:

VR(D) = cRD
dR

(
ρ0

ρ

)GR

, (A.50)

where cR, dR, GR and ρ0 are fixed parameters (Wilkinson et al., 2009, §4.4); note that

the exponents are non-integer. In fact, break-up of large drops is thought to lead to

a significant number of smaller drops travelling at super-terminal speed due to their

finite relaxation time (Montero-Martínez et al., 2009); however the assumption of

the precipitation scheme is followed here.

The downward number flux of raindrops with diameter D is thus

FnR↓(D) = nR(D)VR(D) (A.51)

= na,RcR

(
ρ0

ρ

)GR

λ
nb,R
R DdRe−λRD, (A.52)

where the parameter λR is given by

λR =

πcR
(
ρ0
ρ

)GR
ρwna,R

FqR↓


1

4+dR−nb,R

, (A.53)

so that FqR↓ = π
6ρw

∫∞
0 D3nR(D)VR(D) dD (spherical raindrops are assumed).

Under the first of the proposed assumptions for the size-dependent evaporation

of raindrops in Section 3.2 (no droplets shrink, and a uniform proportion across the

size spectrum are removed), the complete-evaporation number rate for raindrops of
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diameter D is given by

TnR→q(D)|REVP = TqR→q|REVP
FqR↓

FnR↓(D) (A.54)

= TqR→q|REVP
FqR↓

na,RcR

(
ρ0

ρ

)GR

λ
nb,R
R DdRe−λRD, (A.55)

and thus follows a Γ(dR + 1, 1
λR

) distribution with a total number rate

TNR→q|REVP = Γ (dR + 1) TqR→q|REVP
FqR↓

na,RcR

(
ρ0

ρ

)GR

λ
nb,R−dR−1
R (A.56)

= Γ (dR + 1) TqR→q|REVP
πρw

πcR
(
ρ0
ρ

)GR
ρwna,R

FqR↓


3

4+dR−nb,R

. (A.57)

Assuming a uniform concentration of the aerosol species i in the rain water (not

necessarily realistic, as noted earlier, but probably more so than for cloud droplets

since growth to raindrop size is dominated by coalescence), a spherical droplet of

diameter DR leaves behind a spherical aerosol particle of dry radius

r(i) = 1
2φ

(i)
R DR, (A.58)

where

φ
(i)
R = 3

√√√√ ρw

ρ(i)
m

(i)
R
qR

, (A.59)

so that the dry size distribution of released aerosol particles is given by

R(i)
nR

∣∣∣
REVP

(r(i)) dr(i) = TnR→q|REVP (DR) dDR, (A.60)
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which leads to a Γ(dR + 1, 1
λ

(i)
R

) distribution:

R(i)
nR

∣∣∣
REVP

(r(i)) = TqR→q|REVP
FqR↓

na,RcR

(
ρ0

ρ

)GR
(

2
φ

(i)
R

)1+dR−nb,R

×
(
λ

(i)
R

)nb,R (
r(i)
)dR e−λ

(i)
R r(i) , (A.61)

where

λ
(i)
R = 2λR

φ
(i)
R

. (A.62)

This gives a total number rate

R
(i)
NR

∣∣∣
REVP

= TNR→q|REVP (A.63)

= Γ (dR + 1) TqR→q|REVP
πρw

πcR
(
ρ0
ρ

)GR
ρwna,R

FqR↓


3

4+dR−nb,R

, (A.64)

and mass rate

R(i)
qR

∣∣∣
REVP

= m
(i)
R
qR

TqR→q|REVP . (A.65)

A.1.3 IDEP1/SDEP1: Bergeron–Findeisen process

When liquid water is converted to ice via the Bergeron–Findeisen process, it is first

evaporated before being deposited onto existing ice particles. As for droplet settling,

the droplets are assumed to follow a Khrgian–Mazin gamma distribution Γ(3, θcl):

ncl(r) = Ncl

2θ3
cl
r2e−

r
θcl . (A.66)
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If uniform total evaporation across the size spectrum is again assumed, the

number rate of evaporation for droplets of diameter D is

Tncl→q(r)|IDEP1+SDEP1 = ncl(r)
qcl

Tqcl→q|IDEP1+SDEP1 (A.67)

=
Ncl Tqcl→q|IDEP1+SDEP1

2θ3
clqcl

r2e−
r
θcl , (A.68)

with a total number rate

TNcl→q|IDEP1+SDEP1 =
Ncl Tqcl→q|IDEP1+SDEP1

qcl
, (A.69)

so that the dry size distribution of released aerosol particles is given by

R(i)
ncl

∣∣∣
IDEP1+SDEP1

(r(i)) dr(i) = Tncl→q|IDEP1+SDEP1 (rcl) drcl, (A.70)

which leads to a Γ(3, θ(i)
cl ) distribution:

R(i)
ncl

∣∣∣
IDEP1+SDEP1

(r(i)) =
Ncl Tqcl→q|IDEP1+SDEP1

2qcl
(
θ

(i)
cl

)3

(
r(i)
)2

e
− r

(i)

θ
(i)
cl , (A.71)

with a total number rate

R
(i)
Ncl

∣∣∣
IDEP1+SDEP1

= TNcl→q|IDEP1+SDEP1 (A.72)

=
Ncl Tqcl→q|IDEP1+SDEP1

qcl
, (A.73)

and mass rate

R(i)
qcl

∣∣∣
IDEP1+SDEP1

= m
(i)
cl
qcl

Tqcl→q|IDEP1+SDEP1 . (A.74)
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A.1.4 ISUB/IMLTEV/SSUB/SMLTEV: sublimation or evapora-
tion of melting ice

The treatment of ice particles is made more complex by the fact that they are not in

general spherical. The mass-diameter relationship is assumed to take the form of a

power law, with the mass of a particle in phase x given by

Mx(D) = axD
bx , (A.75)

where ax and bx are fixed parameters2 (Wilkinson et al., 2009, §4.5). Particle

diameters are assumed to follow a Γ(αx + 1, 1
λx

) distribution, with the number of

particles of diameter D given by

nx(D) = na,xλ
nb,x
x Dαxe−λxD, (A.76)

where na,x, nb,x and αx are fixed parameters (Wilkinson et al., 2009, §4.1), and λx is

given by

λx =
(

Γ (αx + bx + 1)na,xax
qx

) 1
1+αx+bx−nb,x

, (A.77)

so that qx =
∫∞

0 axD
bxnx(D) dD. As for rain, the fall velocities are given by

Vx(D) = cxD
dx

(
ρ0

ρ

)Gx
, (A.78)

where cx, dx, Gx and ρ0 are fixed parameters.
2This is a generalisation of the relationship for spherical liquid water drops (which are assumed

for liquid cloud and rain), where aR = acl = π
6 × 103 kg m−3 and bR = bcl = 3.
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The downward number flux of ice particles with diameter D is thus

Fnx↓(D) = nx(D)Vx(D) (A.79)

= na,xcx

(
ρ0

ρ

)Gx
λnb,xx Dαx+dxe−λxD. (A.80)

Instead of determining λx from the ice water content as above, it could also be

determined from the snowfall rate as

λx =
Γ (αx + bx + dx + 1)na,xaxcx

Fqx↓

(
ρ0

ρ

)Gx 1
1+αx+bx+dx−nb,x

, (A.81)

so that Fqx↓ =
∫∞

0 axD
bxnx(D)Vx(D) dD.

Under the assumption that a uniform proportion of ice particles across the size

spectrum sublimes (or melts and evaporates) completely, the number rate for particles

of diameter D is given by

Tnx→q(D)|P = Tqx→q|P
Fqx↓

Fnx↓(D) (A.82)

= Tqx→q|P
Fqx↓

na,xcx

(
ρ0

ρ

)Gx
λnb,xx Dαx+dxe−λxD, (A.83)

where P ∈ {ISUB, SSUB, IMLTEV, SMLTEV}, and thus follows Γ(αx + dx + 1, 1
λx

)

distribution with a total number rate

TNx→q|P = Γ (αx + dx + 1) Tqx→q|P
Γ (αx + bx + dx + 1)

×

Γ (αx + bx + dx + 1)na,xcx
Fqx↓

(
ρ0

ρ

)Gx
bx

1+αx+bx+dx−nb,x

. (A.84)
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Assuming a uniform concentration of the aerosol species i in the ice, an ice

particle of diameter Dx leaves behind a spherical aerosol particle of dry radius

r(i) = 1
2φ

(i)
x D

bx
3

R , (A.85)

where

φ(i)
x = 3

√√√√6axm(i)
x

πρ(i)qx
, (A.86)

so that the dry size distribution of released aerosol particles is given by

R(i)
nx

∣∣∣
P

(r(i)) dr(i) = Tnx→q|P (Dx) dDx, (A.87)

which leads to a generalised gamma distribution:

R(i)
nx

∣∣∣
P

(r(i)) = 3 Tqx→q|P na,xcx
Fqx↓bx

(
ρ0

ρ

)GR
(

2
φ

(i)
x

) 3
bx

(1+αx+dx)−nb,x (
λ(i)
x

) 3nb,x
bx

×
(
r(i)
) 3
bx

(1+αx+dx)−1
e−
(
λ

(i)
x r(i)

) 3
bx

, (A.88)

with a total number rate

R
(i)
Nx

∣∣∣
P

= TNx→q|P (A.89)

= Γ (αx + dx + 1) Tqx→q|P
Γ (αx + bx + dx + 1)

×

Γ (αx + bx + dx + 1)na,xcx
Fqx↓

(
ρ0

ρ

)Gx
bx

1+αx+bx+dx−nb,x

, (A.90)

and mass rate

R(i)
qx

∣∣∣
P

= m(i)
x

qx
TNx→q|P , (A.91)
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where

λ(i)
x = 2

φ
(i)
x

λ
bx
3
x . (A.92)

A.2 Processes taking up free/interstitial aerosol to
water phases

A.2.1 Activation and heterogeneous nucleation

Because there is no prognostic treatment of the aerosol taken up by cloud water and

ice, the cumulative take-up of aerosol due to activation of CCN to form liquid cloud

droplets and heterogeneous nucleation of ice must be diagnosed at the start of each

timestep.

In the scheme currently used in HadGEM3–UKCA, a fixed fraction (usually either

zero or one) of the mass and number in each mode M is assumed to be activated

within the cloudy fraction of each grid box. This is not physically realistic however,

as (for liquid cloud at least) Köhler theory predicts that particles will activate above

a critical radius depending on their composition and the local supersaturation; thus

large particles are preferentially activated and a higher proportion of mass than

number will be activated.3 The Abdul-Razzak and Ghan (2000) activation scheme,

which has been introduced into the model by West et al. (2013), diagnoses the critical

radius rcrit,M for each mode based on its composition and the estimated maximum

local supersaturation.
3This is partially represented in the current scheme by transferring the large end of the

(unscavenged) soluble Aitken mode, above a fixed critical radius rcrit = 35 nm, into the (fully-
scavenged) accumulation mode.
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In either case, the number of aerosol particles taken up into liquid cloud water is

n
(i)
cl (r) =


Cln

(i)
T (r) r > r

(i)
crit

0 r ≤ r
(i)
crit,

(A.93)

where n(i)
T (r) is the prognostic aerosol number, and thus the total aerosol mass taken

up is

m
(i)
cl = 4πρ(i)

3

∫ ∞
r
(i)
crit

r3n
(i)
cl (r) dr. (A.94)

This deals with liquid cloud, but further consideration needs to be given to

ice nucleation. Initially this will be treated using fixed scavenging ratios for each

mode, however a diagnostic scheme akin to that for activation would be desirable.

Additional effects in mixed-phase clouds will need to be considered: it may be that,

for example, soluble particles can be scavenged into ice in mixed phase clouds but

not in ice-only clouds – they may be activated in cloud droplets which then freeze,

which cannot be “remembered” without prognostic in-cloud aerosol.

Once the scavenged aerosol has been calculated, the remaining (interstitial)

aerosol number and mass are then

n(i)(r) = n
(i)
T (r)−

∑
x∈P ′

n(i)
x (r) (A.95)

m(i)(r) = m
(i)
T (r)−

∑
x∈P ′

m(i)
x (r). (A.96)

A.2.2 Impaction scavenging

The existing scheme for impaction scavenging by rain can be retained, but will be

incorporated into the framework described here, calculating the S(i)
nR

(r) term. In

this way, aerosol taken up by impaction scavenging may be re-released at a lower
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level if the rain evaporates. Consideration should be given to extending this to cover

impaction scavenging by liquid cloud droplets (which may lead to cloud processing

of particles too small to activate even in non-precipitating clouds) and ice particles,

giving the other S(i)
nx(r) terms.

A.3 Implementation in modal aerosol scheme

The aerosol size spectrum is represented in the model by a superposition of log-normal

modes, with fixed (geometric) standard deviation and variable mean (within ranges

separated by an order of magnitude).

If it is assumed that the size spectrum R(i)
nx(r)|P of aerosol released by a given

evaporation or sublimation process P is “narrow” compared to the order-of-magnitude

separation between the log-normal modes, it is reasonable to simply transfer the

total number R(i)
Nx|P and mass R(i)

qx |P released into the mode M which contains the

mean-volume radius

r̄P =

 3 R(i)
qx

∣∣∣
P

4πρ(i) R
(i)
Nx

∣∣∣
P


1
3

(A.97)

of the released aerosol:

∂N
(i)
M

∂t

∣∣∣∣∣∣
P

= R
(i)
Nx

∣∣∣
P

∂m
(i)
M

∂t

∣∣∣∣∣∣
P

= R(i)
qx

∣∣∣
P
. (A.98)

This avoids having to explicitly integrate over the whole size distribution. The

standard deviation of a gamma-distributed variable, X ∼ Γ(k, θ), is

√
Var(X) = E(X)√

k
, (A.99)
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and so, provided k � 1, this should be a reasonable assumption for modes separated

by an order of magnitude.

Following this approach, the equations for modal aerosol become:

∂N
(i)
M

∂t
= −

∑
x∈P

I(i)
nx (M) +

∑
P∈E
r̄P∈M

R
(i)
Nx

∣∣∣
P

(M ∈M) (A.100)

∂m
(i)
M

∂t
= −

∑
x∈P

I(i)
mx(M) +

∑
P∈E
r̄P∈M

R(i)
qx

∣∣∣
P

(M ∈M) (A.101)

∂m(i)
x

∂t
=
∑
M∈M

I(i)
mx(M)−

∑
P∈E

R(i)
qx

∣∣∣
P

+
∑
y∈P ′

(
Tqy→qxm

(i)
y

qy
−
Tqx→qym

(i)
x

qx

)

+ 1
ρ

∂

∂z

(
Fqx↓m

(i)
x

qx

)
(x ∈ P), (A.102)

where E = {LSETEV,REVP, IDEP1, SDEP1, ISUB, SSUB, IMLTEV, SMLTEV} is

the set of evaporation/sublimation processes and I(i)
nx (M) and I(i)

mx(M) are the number

and mass scavenged from mode M by impaction with water phase x, as diagnosed

by the impaction scavenging scheme.

A nucleation scavenging (activation) term does not appear in the time-evolution

equations, as it is diagnosed as an “instantaneous” process at the start of the timestep

(see Section A.2.1). (A refined scheme might consider separately in these equations

the activation which occurs during the timestep, as distinct from that assumed to

have already occurred.)

For modal aerosol, the total activated number and mass in each mode can be

calculated by integrating (A.93) and (A.94) over the log-normal distribution n(i)
M (r):

N
(i)
M,cl =

∫ ∞
rcrit,M

n
(i)
M (r) dr (A.103)

N
(i)
M,cl = 4πρ(i)

M

3

∫ ∞
r
(i)
crit,M

n
(i)
M (r) dr, (A.104)
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calculating these as in the existing mode-merging algorithm.

A.4 Discretisation

The large-scale precipitation scheme solves the transfer processes sequentially; for

consistency the chemical/aerosol transfers for each process P should be calculated in

the same sequence, using the values of qx on input to the corresponding process in the

precipitation scheme. These mid-timestep values, denoted qx|P , can be determined

by re-applying the diagnosed transfer rates in the same sequence as the original

calculations:4

qx|Pj+1
= qx|Pj + ∂qx

∂t

∣∣∣∣∣
Pj

∆t (j ∈ {0, 1, . . . , J − 1}) . (A.105)

(Note that this cannot be done correctly in an operator-split manner if iterated

microphysics are in use, without additional diagnostics for the per-iteration transfer

rates.)

The full discrete equation set for modal aerosol species is given below, based on

the continuous versions derived in the preceding sections. In what follows, TX→Y
and FX↓ are the sets of processes contributing to the transfer TX→Y or flux FX↓
respectively, Fqx↓ is the downward area flux of qx across the top boundary of the grid

box (equal to Fqx↓ in the box above), and m(i)
x
↓ and qx↓ represent the values of m(i)

x

and qx in the box above.
4LSET[EV]/IFALL/SFALL/RFALL/GFALL, IFRW, IPRM, IDEP/ISUB, SDEP/SSUB, SAUT,

SACI, IACW, SACW, GAUT, GACW, GACS, IACR, SACR, IMLTEV, SMLTEV, IMLT, SMLT,
GMLT, REVP, RACW, RAUT; those in italics only operate if additional prognostics are enabled.
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At the start of the timestep, in-cloud aerosol is split out diagnostically by the

activation scheme (see Section A.2.1):

N
(i)
M = N

(i)
M,T −

∑
x∈P ′

N
(i)
M,x (A.106)

m
(i)
M = m

(i)
M,T −

∑
x∈P ′

m
(i)
M,x. (A.107)

The increments to mass and number in each mode from each microphysical

process P in the large-scale precipitation scheme are

∆N (i)
M

∣∣∣
P

= R
(i)
Nx

∣∣∣
P

∆t (M ∈M, P ∈ E , r̄P ∈M) (A.108)

∆m(i)
M

∣∣∣
P

= R(i)
qx

∣∣∣
P

∆t (M ∈M, P ∈ E , r̄P ∈M) , (A.109)

and the increments to in-cloud aerosol mass are given by

∆m(i)
x

∣∣∣
P

=



Fqx↓m(i)
x
↓

qx↓
−
Fqx↓ m

(i)
x

∣∣∣
P

qx|P

 ∆t
∆z (P ∈ Fqx↓)

− R(i)
qx

∣∣∣
P

∆t (P ∈ Tqx→q)
PP my|P
qy|P

∆t (P ∈ Tqy→qx , y ∈ P ′)

−PP mx|P
qx|P

∆t (P ∈ Tqx→qy , y ∈ P ′)



(x ∈ P)

(A.110)

for falling/settling processes, evaporation/sublimation, and transfers into and out

of the phase qx respectively. (The expressions for RX for the individual evapora-

tion/sublimation processes are given at the end of this summary.)

The mid-timestep values of number and mass in each mode, and in-cloud mass,

used for calculating these increments sequentially as per the precipitation scheme,



A.4. DISCRETISATION 173

are calculated as:

N
(i)
M

∣∣∣
Pj+1

=


N

(i)
M

∣∣∣
Pj

+ ∆N (i)
M

∣∣∣
Pj

(Pj ∈ E , r̄Pj ∈M)

N
(i)
M

∣∣∣
Pj

otherwise


(M ∈M,

j ∈ {0, 1, . . . , J − 1})

(A.111)

m
(i)
M

∣∣∣
Pj+1

=


m

(i)
M

∣∣∣
Pj

+ ∆m(i)
M

∣∣∣
Pj

(Pj ∈ E , r̄Pj ∈M)

m
(i)
M

∣∣∣
Pj

otherwise


(M ∈M,

j ∈ {0, 1, . . . , J − 1})

(A.112)

m(i)
x

∣∣∣
Pj+1

=


m(i)
x

∣∣∣
Pj

+ ∆m(i)
x

∣∣∣
Pj

(Pj ∈ T ∗qx)

m(i)
x

∣∣∣
Pj

otherwise


(x ∈ P ′,

j ∈ {0, 1, . . . , J − 1}),

(A.113)

where

T ∗qx =
 ⋃
y∈P ′
Tqy→qx

 ∪
⋃
y∈P
Tqx→qy

 (A.114)

is the set of all transfer processes affecting the amount of aerosol in phase qx.

The total increments due to scavenging over the timestep are given by summing

over both the contributions from precipitation microphysics and those from impaction

scavenging (as noted before, activation is treated instantaneously at the start of the

timestep, so does not appear here):

∆N (i)
M =

∑
x∈P ′

I(i)
nx (M)∆t+

∑
P∈E
r̄P∈M

∆N (i)
M

∣∣∣
P

(M ∈M) (A.115)

∆m(i)
M =

∑
x∈P ′

I(i)
mx(M)∆t+

∑
P∈E
r̄P∈M

∆m(i)
M

∣∣∣
P

(M ∈M) (A.116)

∆m(i)
x =

∑
M∈M

I(i)
mx(M)∆t+

∑
P∈T ∗qx

∆m(i)
M

∣∣∣
P

(x ∈ P). (A.117)
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Finally, the RX terms for the number and mass of aerosol released by evapora-

tion/sublimation processes are given below, as derived in Section A.1. For evaporation

of settling cloud droplets,

R
(i)
Ncl

∣∣∣
LSETEV

= 2 Ncl|LSETEV PLSETEV

7ρ qcl|LSETEV
(A.118)

R(i)
qcl

∣∣∣
LSETEV

=
PLSETEV m

(i)
cl

∣∣∣
LSETEV

qcl|LSETEV
; (A.119)

and for evaporation of rain,

R
(i)
NR

∣∣∣
REVP

= Γ (dR + 1)PREVP

πρw

πcR
(
ρ0
ρ

)GR
ρwna,R

FqR↓


3

4+dR−nb,R

(A.120)

R(i)
qR

∣∣∣
REVP

= m
(i)
R
qR

PREVP. (A.121)

For the Bergeron–Findeisen process (deposition of evaporating droplets onto ice

particles),

R
(i)
Ncl

∣∣∣
P

= NclPP
qcl

(P ∈ {IDEP1, SDEP1}) (A.122)

R(i)
qcl

∣∣∣
P

= m
(i)
cl
qcl

PP (P ∈ {IDEP1, SDEP1}) ; (A.123)

for sublimation of (or evaporation of melting) ice crystals,

R
(i)
Ncfc

∣∣∣
P

= Γ (αcfc + dcfc + 1) Tqcfc→q|P
Γ (αcfc + bcfc + dcfc + 1)

×

Γ (αcfc + bcfc + dcfc + 1)na,cfcccfc

Fqcfc↓

(
ρ0

ρ

)Gcfc


bcfc
1+αcfc+bcfc+dcfc−nb,cfc

(P ∈ {ISUB, IMLTEV}) (A.124)

R(i)
qcfc

∣∣∣
P

= m
(i)
cfc

qcfc
TNcfc→q|P (P ∈ {ISUB, IMLTEV}); (A.125)
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and for sublimation of (or evaporation of melting) snow aggregates (as above for ice

crystals, bar the different subscripts),

R
(i)
Ncfa

∣∣∣
P

= Γ (αcfa + dcfa + 1) Tqcfa→q|P
Γ (αcfa + bcfa + dcfa + 1)

×

Γ (αcfa + bcfa + dcfa + 1)na,cfaccfa

Fqcfa↓

(
ρ0

ρ

)Gcfa


bcfa
1+αcfa+bcfa+dcfa−nb,cfa

(P ∈ {SSUB, SMLTEV}) (A.126)

R(i)
qcfa

∣∣∣
P

= m
(i)
cfa

qcfa
TNcfa→q|P (P ∈ {SSUB, SMLTEV}). (A.127)





Glossary

Terminology and names
accumulation mode aerosol particles between ∼ 100nm and ∼ 1µm dry diameter,

accounting for the majority of the aerosol mass in the atmosphere

activation the process by which cloud condensation nuclei grow to become cloud
drops in a supersaturated environment

AeroCom an international initiative for the intercomparison and evaluation of
global aerosol–climate models and a wide range of observations

burden column-integrated mass (or number) of a component of the atmosphere
(e.g. water, a trace gas, or a type of aerosol), expressed in mass (or number)
per unit area of the globe

ageing the process by which insoluble or hydrophobic aerosols become partially
soluble or hygroscopic through coagulation and condensation

Aitken mode aerosol particles between ∼ 10 nm and ∼ 100 nm dry diameter

albedo the fraction of incident radiation which is reflected from a surface

below-cloud scavenging impaction scavenging of aerosol particles by falling pre-
cipitation

black carbon strongly light-absorbing graphite-like material produced during com-
bustion as a principal component of soot

CALIOP the Cloud–Aerosol Lidar with Orthogonal Polarization, an instrument on
board the CALIPSO satellite

coagulation the merging of two aerosol particles to form a single larger particle

coalescence the merging of two cloud droplets to form a single larger droplet
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coarse mode aerosol particles larger than ∼ 1 µm dry diameter, primarily mineral
dust and sea-salt

condensation nuclei aerosol particles identified by their ability to nucleate water
droplets in supersaturated air

cloud condensation nuclei aerosol particles which can nucleate cloud droplets
at the small supersaturations found in the atmosphere, in a process called
activation

dry deposition the removal of aerosol particles as they settle out due to gravity
and diffusion, eventually attaching to the surface

ECHAM the climate model developed at the Max Planck Institute for Meteorology

elemental carbon an alternative term for black carbon, often used when identified
by its refractory properties (ability to withstand very high temperatures) rather
than its light-absorbing properties

ERA-40, ERA-Interim atmospheric reanalysis products from the European Cen-
tre for Medium-range Weather Forecasts

GFED the Global Fire Emissions Database (van der Werf et al., 2006, 2010)

GLOMAP the GLObal Model of Aerosol Processes, which exists in sectional
(GLOMAP-bin; Spracklen et al., 2005) and modal (GLOMAP-mode; Mann
et al., 2010) versions, the latter of which forms the aerosol scheme in UKCA

HadGEM the Hadley Centre Global Environmental Model, developed at the UK
Met. Office

HAM the M7 -based modal aerosol scheme developed at the Max Planck Institute
for Meteorology as an add-on to ECHAM (Stier et al., 2005)

HIPPO the HIAPER Pole-to-Pole Observations of Greenhouse Gases Study (Wofsy
et al., 2011), a large-scale aircraft campaign over the Pacific conducted between
2009 and 2011

hydrophobic resistant to wetting by liquid water

hygroscopic able to grow by adsorbing or dissolving in liquid water

ice nuclei aerosol particles which can nucleate ice crystals at temperatures too
warm for homogeneous freezing of liquid water or homogeneous nucleation of
ice from water vapour

impaction scavenging scavenging of aerosol particles due to collision with hy-
drometeors
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in-cloud scavenging scavenging of aerosol particles by cloud droplets or cloud ice
particles

M7 the 7-mode aerosol scheme developed by Vignati (2004), on which parts of both
HAM and GLOMAP-mode are based

MetUM the UK Met. Office Unified Model, an atmospheric GCM used for opera-
tional weather forecasting as well as forming the basis for HadGEM

MODIS the Moderate Resolution Imaging Spectroradiometer, an instrument on
board the Aqua and Terra satellites

nucleation formation of a new aerosol particle or hydrometeor from the gas phase

nucleation mode aerosol particles smaller than ∼ 10 nm dry diameter, typically
produced by nucleation from the gas phase

nucleation scavenging in-cloud scavenging of aerosol particles when they activate
as cloud condensation nuclei or ice nuclei

nudging a technique for keeping the large-scale dynamics of a GCM close to a
reanalysis product, by Newtonian relaxation of key fields to their counterparts
in the reanalysis (Jeuken et al., 1996)

operator splitting an approach to numerical modelling of complex systems, where
the equations describing multiple processes are discretised sequentially within
each timestep rather than being solved simultaneously

organic aerosol see particulate organic matter

organic carbon the carbon content of particulate organic matter

particulate organic matter biological debris and secondary aerosol from chemical
processing and condensation of organic gases of both natural and anthropogenic
origin

PC2 the prognostic cloud scheme in HadGEM (Wilson et al., 2008)

primary aerosol aerosol directly emitted in particulate form at source

radiative forcing the change in net downward radiative flux at the tropopause
after stratospheric temperatures have re-adjusted to equilibrium, but with the
tropospheric state unchanged (Forster et al., 2007)

rainout see in-cloud scavenging

scavenging the process by which aerosol particles are taken up by hydrometeors,
leading to wet deposition
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secondary aerosol aerosol produced from atmospheric trace gases by nucleation,
condensation and/or chemical reactions

SP2 the Single-Particle Soot Photometer, an instrument which measures the mass
and mixing state of black carbon in individual aerosol particles by laser ablation
and incandescence

UKCA the UK Chemistry and Aerosols sub-model, which couples to the atmosphere
component of HadGEM (http://www.ukca.ac.uk/)

washout see below-cloud scavenging

wet deposition the removal of scavenged aerosol particles in precipitation at the
surface

http://www.ukca.ac.uk/
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Abbreviations and acronyms
AS Accumulation mode (Soluble)

AOD Aerosol Optical Depth

BC Black Carbon

CN Condensation Nuclei

CCN Cloud Condensation Nuclei

CS Coarse mode (Soluble)

DRE Direct Radiative Effect

DRF Direct Radiative Forcing

EC Elemental Carbon

IN Ice Nuclei

KI aitKen mode (Insoluble)

KS aitKen mode (Soluble)

MMR Mass Mixing Ratio

NRFA Normalised Radiative Forcing with respect to Aerosol optical depth

NS Nucleation mode (Soluble)

OA Organic Aerosol

OC Organic Carbon

PD Present Day

PI Pre-Industrial

POM Particulate Organic Matter

RF Radiative Forcing

SST Sea Surface Temperature
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