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Abstract. Evaluation of the aerosol schemes in current cli- sions and scavenging by convective precipitation. We show
mate models is dependent upon the available observationghat, by coupling the convective scavenging more tightly with
data. In-situ observations from flight campaigns can provideconvective transport, both the column burden and vertical
valuable data about the vertical distribution of aerosol that isdistribution of BC in HadGEM3-UKCA are much improved
difficult to obtain from satellite or ground-based platforms, with respect to the observations, with a substantial and statis-
although they are localised in space and time. Using singletically significant increase in correlation — this demonstrates
particle soot-photometer (SP2) measurements from the Hlthe importance of a realistic representation of this process.
APER Pole-to-Pole Observations (HIPPO) campaign, whichin contrast, updating from GFED2 to GFED3.1 biomass-
consists of many vertical profiles over a large region of theburning emissions makes a more modest improvement in
Pacific, we evaluate the meridional and vertical distribution both models, which is not statistically significant. By com-
of black carbon (BC) aerosol simulated by the HadGEM3-paring our results with a more traditional approach using
UKCA and ECHAM5-HAM2 models. Both models show regional- and monthly-mean vertical profile curves, we show
a similar pattern of overestimating the BC column burdenthat the point-by-point analysis allows the model improve-
compared to that derived from the observations, in many arments to be demonstrated more clearly.
eas by an order of magnitude. However, by sampling the We also demonstrate the important role that nudged sim-
simulated BC mass mixing ratio along the flight track and ulations (where the large-scale model dynamics are continu-
comparing to the observations, we show that this discrep-ously relaxed towards a reanalysis) can play in this type of
ancy has a rather different vertical structure in the two mod-evaluation, allowing statistically significant differences be-
els: in HadGEM3-UKCA the discrepancy is dominated by tween configurations of the aerosol scheme to be seen where
excess aerosol in the tropical upper troposphere, while irthe differences between the corresponding free-running sim-
ECHAM5-HAM2 areas of discrepancy are spread acrosaulations would not be significant.
many different latitudes and altitudes.

Using this methodology, we conduct sensitivity tests on
two specific elements of the models: biomass-burning emis-
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1 Introduction The large-scale flight campaign conducted by the High-
performance Instrumented Airborne Platform for Envi-
Aerosol particles in the atmosphere play an important roleronmental Research (HIAPER) Pole-to-Pole Observations
in the climate system on both global and regional scales(HIPPO) of Carbon Cycle and Greenhouse Gases Study
through several mechanisms: direct modification of the(Wofsy et al, 2011 provides the opportunity to evalu-
short-wave radiation budget by scattering and absorptiorate against consistently-collected data from a single cam-
(Angstivm, 1962 Schulz et al. 2006 Myhre et al, 2013; paign over a large area of the Pacific region. The data are
effects on clouds and the hydrological cycle, indirectly mod- described in more detail in Sec2. The BC data from
ifying the radiation budgetTivomey, 1977, Albrecht 1989 the first phase of the HIPPO campaign are analysed in
Lohmann and Feichte2009; and “semi-directly” by al-  Schwarz et al.(2010, where the observed vertical pro-
tering the temperature profile of the atmosphere, and evapfiles are used to evaluate the simulated BC profiles from
orating or suppressing cloud, through absorption of radiathe Aerosol Comparisons between Observations and Mod-
tion (Hansen1997 Koch and Del Genip2010. Consequent els (AEROCOM; http://dataipsl.ipsl.jussieu.ff AEROCOM
changes to circulation patterns may lead to additional effecthase | {extor et al, 200§ models, comparing climatologi-
(e.g.Roeckner et al.200§. The magnitudes of all these ef- cal monthly-mean model profiles against regional-mean pro-
fects are subject to considerable uncertainty. files from HIPPO. The model diversity is large — one to two

Black carbon (BC) aerosol can contribute to all of theseorders of magnitude over a wide altitude range, both in the
classes of effect, although its absorption of short-wave raPacific regions studied iichwarz et al(2010 and the conti-
diation makes it of particular interest in the context of the nental regions ifkoch et al.(2009 — but both the mean and
direct and semi-direct effectS{er et al, 2007 Ramanathan median of the model ensemble systematically overestimate
and CarmichagPR008. The relative magnitudes of these ef- the BC mass mixing ratio (MMR) compared to the observa-
fects, and thus the sign of the net (semi-)direct forcing duetions.
to BC, are thought to depend heavily on the vertical distri- In this study, we carry out a more detailed evaluation
bution of BC, and in particular its altitude relative to cloud of the vertical distribution of BC in two particular models,
layers Johnson et al.2004 Zarzycki and Bond2010. In HadGEM3-UKCA and ECHAM5-HAM2, against BC mass
addition, “aged” BC particles with a soluble coating can act mixing ratio data derived from the first three phases of the
as cloud condensation nuclé&ténner et al.1996 Lohmann  HIPPO campaign. These models and their configurations are
et al, 2000, and thus contribute to indirect effects; ageing described in SecB. Rather than averaging the instantaneous
may also reduce the lifetime of black carbon (by increasingobservations on a regional basis and comparing to model cli-
susceptibility to wet deposition) and enhance its absorptiormatology, we use nudging and interpolation techniques to
of radiation Ackerman and Toon1981; Stier et al, 2006 sample the models in time and space along the track of the
Schwarz et a).2008. flight campaign, as described in Sett.

Some progress has been made in analysing the relative po- We apply this approach to investigate and constrain the ef-
sitions of BC and cloud layers, and the resulting radiative ef-fects of convective scavenging (which has an important role
fects, from satellite observationBdters et a]2011; Wilcox, in controlling vertical transport) and biomass-burning emis-
2012. However, neither passive satellite remote sensing nosions (which are the most temporally and spatially variable
ground-based observations can provide well-resolved vertisource of BC) on the vertical profile of BC in the models. To
cal profiles of BC (or aerosol in general), and thus we turnthis end, we conduct a series of sensitivity tests, as described
to in-situ aircraft observations. Although such observationsin Sect.5, to assess how the agreement with the observations
are limited in spatial and temporal coverage, they can pro-s affected by the choice of convective scavenging scheme
vide data with much better vertical resolution than can beand emissions inventory.
obtained from other sources, as well as more direct mea-
surements of the quantities (e.g. concentrations, mixing ra-
tios, composition and particle size distributions) represente® Observational data
in aerosol models.

Previous studies using aircraft observations to evaluatéfThere have been five phases of the HIPPO campaign
aerosol models on a global scale have generally comparedompleted littp:/hippo.ucar.ed)y data from the first
monthly-mean model profiles with campaign-mean profilesthree (in January 2009, October/November 2009 and
from a collection of separate campaigns (which may differ March/April 2010) were available in time for this analysis.
in their methodology), each over a limited geographical areaEach phase consists of an approximate meridional transect
(e.g.Koch et al, 2009. Other studies have focused on more over the Pacific, with detours into neighbouring continental
detailed evaluation on a regional scale using individual flightregions — the flight tracks can be seen in HigAlong each
campaigns — e.Reddington et al(2013, which also high-  track, a series of fairly regular ascents and descents were
lights the importance of uncertainties in the size distributionmade, providing vertically-resolved measurements, typically
of BC as well as its total mass. spanning 300 m above the surface t6 l8Bn above sea level
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Table 1. Differences relevant to black carbon between the aerosol schemes in HadGEM3-UKCA and ECHAM5-HAM2, in their BASE

configurations.

Process HadGEM3-UKCA

ECHAM5-HAM2

Biofuel emission size

Fossil fuel and biofuel emissions
Biomass-burning emission height
Ageing insoluble to soluble

Dry deposition

added to lowest level

operator-split
Below-cloud scavenging Slinn (1984
In-cloud nucleation scavenging

Rain only

Immediate removal

Convective scavenging
Aerosol feedbacks on meteorology

(direct/semi-direct/indirect effects)  Disabled

same as fossil fuel (60 nm diameter)

uniform in height ove50 m to 3 km
10 monolayers required
Slinn (1982); Zhang et al(200)

100% of soluble accumulation/coarse modes

Operator-split, acting on grid-box means

same as biomass-burning (150 nm diameter)
applied as surface flux in vertical diffusion
biome-dependeré¢ntener et al2006
1 monolayer required
Ganzeveld et al1998
as surface flux in vertical diffusion
Seinfeld and Pandid 998
Prescribed fractions of all modes
Rain and snow
Replaced where precipitation evaporates
In-plume, acting on tracer fluxes

Enabled

with some profiles extending te 14km. In total, we identify

scatter in the results; however this is not considered further

184 separate vertical profiles suitable for our analysis (than the present study.

criteria used are discussed in Sekfl).

With the exception of HIPPO-2, which makes a detour to

A wide range of instruments were carried on these flights,Australia at about 305, there is generally more BC seen
but for our purposes the most relevant data comes from an the Northern Hemisphere than the Southern Hemisphere

Single Particle Soot Photometer (SEZhwarz et a).2006),

at all levels (which is consistent with the greater anthro-

which measures the mass of BC in individual aerosol parti-pogenic emissions in the north) — this contrast is particularly

cles. Particles were detected within a range-d@f.8 to 175fg

stark for HIPPO-3, which spent very little time near land.

BC (~ 75 to 540 nm volume-equivalent diameter, assumingWhile some BC is seen in the lower and mid tropical tro-

a void-free density of B x 10 kg m~3).
Following Schwarz et al(2010, we calculate the MMR of

posphere £ 10-1kg kg1 in places), very little is seen at
higher levels in the tropics in any of the phases (typically

BC in the atmosphere by aggregating the observed particlekess than 10'2kgkg~1 above about 6 km); at higher lat-

over 1-minute intervals:

itudes, however, significant BC mass mixing ratios (above

10~ kgkg1) frequently extend into the upper troposphere.
M;, 1)

. o Models
where(Ma, ..., My) are the masses of BC in each individual

flow rate at which the air is sampled (48a71, constant) and  HadGEM3-UKCA and ECHAM5-HAM?2. These are
pair is the density of the sampled air, derived from contempo-gescribed in the following sections, and the major differ-

raneous measurements of ambient pressure from the HIPP@hces relevant to black carbon aerosol are summarised in
flight data, and a fixed temperature of 290K representing thergpje1.

cabin air temperature of the aircraft. (These are an approx-

imation of the actual sampling conditions, but the resulting3.1 HadGEM3-UKCA

error is small compared to that from other sources.) The fac-

tor of 1.1 inflates the mass by 10 % to account for the portionHadGEM3 Hewitt et al, 201]) is the latest version of

of the aerosol size spectrum which the instrument does nothe Hadley Centre Global Environmental Model developed
detect, as peschwarz et al(2010. We then produce a “cur- at the UK Met. Office. Although the full model contains
tain” plot of BC MMR against latitude and altitude to show many components (atmosphere, land surface, ocean, sea ice
the distribution of BC over a vertical slice through the atmo- etc.), this study is concerned only with the uncoupled at-
sphere (top row of Fig2). We attach an uncertainty 8f30 % mosphere component, using prescribed sea-surface temper-
to these MMR values (th&40 % quoted irBchwarz et alis ature (SST) and sea ice fields. The dynamical cbaies

now considered overly cautious). In the cleanest regions (BQ005H is non-hydrostatic and fully compressible, with semi-
MMR less than~ 0.5ngkg '), where only a small number of Lagrangian advection and a hybrid sigma/height vertical co-
particles were detected per minute, the sampling uncertaintprdinate. Large-scale cloud uses the bulk prognostic scheme
of the observations is likely to contribute significantly to the of Wilson et al. (2008, with precipitation microphysics
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Fig. 1. Flight tracks for the first three phases of the HIPPO campaign (January 2009, October/November 2009 and March/April 2010,
respectively). The circles show the BC burden (in kg@hestimated 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 | (Textor et al., 2006) median model (constructed from
the ARQM, GISS, GOCART, GRANTOUR, KYU, LOA, MATCH, MPHAM, 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).

based orWilson and Ballard1999; sub-grid-scale convec- tolytic reactions and interactive wet and dry deposition. An

tion is based on the mass-flux schem&oégory and Rown-  additional aerosol-precursor chemistry scheme treats the ox-

tree (1990 with subsequent modifications. idation of sulphur compounds (S@nd dimethyl sulphide)
The standard tropospheric chemistry scheme in UKCAand monoterpene to form the sulphuric acid and organic

(O’Connor et al. 2013 is used. This includes oxidants{O compounds which may condense to form secondary aerosol

HOx and NQ)) and hydrocarbons (CO, ethane and propane)material.

with eight emitted species, 102 gas-phase reactions, 27 pho-

Atmos. Chem. Phys., 13, 596%986 2013 www.atmos-chem-phys.net/13/5969/2013/
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Fig. 2. Mass mixing ratio (kg kql) 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-HAM?2 (BASE) simulations, sampled
along the HIPPO flight track (also at 1-min intervals).

The aerosol scheme in UKCA@ann et al, 2013 is the HadGEMS3, only four components and five modes are en-
two-moment modal version of the Global Model of Aerosol abled in the UKCA configuration of GLOMAP-mode used
Processes (GLOMAP-mod&jann et al, 2010, which fol- here (omitting the two larger insoluble modes which contain
lows the M7 framework ignati, 2004 in transporting five  only mineral dust). The representation of aerosol microphysi-
components (sulphate, sea salt, black carbon, particulate ocal processes is based on the sectional GLOMAP-bin scheme
ganic matter and mineral dust) in seven internally-mixed(Spracklen et al.2005, with each process acting sequen-
log-normal modes (four soluble and three insoluble; not alltially in an operator-split manner (except nucleation, coagu-
components are found in all modes). Because mineral dudition and condensation which are solved iteratively).
is transported by a separate scheogdward 2001) in

www.atmos-chem-phys.net/13/5969/2013/ Atmos. Chem. Phys., 13, 5%%86§ 2013
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Primary BC emissions use the AEROCOM recommendedevels up to~ 40 km) with UKCA in a standard tropospheric
size distributions@entener et al2006, as modified bystier ~ chemistry and aerosol configuration as described above, with
et al.(2009, but with biofuel emissions using the same distri- aerosol feedbacks disabled. In order to capture the meteo-
bution as fossil fuel rather than biomass burning. Fossil-fuelrological conditions at the time of the flight campaign, we
and biofuel emissions are added to the lowest model levelise the technique of nudgingdguken et al.1996. In the
with a geometric mean diameter of 60 nm, while biomass-HadGEM implementationTelford et al, 2008 2013, po-
burning emissions have a geometric mean diameter of 150nrtential temperature and horizontal wind are relaxed towards
and are distributed uniformly in height over levels 2 to 12 fields from the ERA-Interim reanalysif€e et al. 2011).
(~50m to 3km, compressed over orography) — this is dif- The relaxation time constant is the “natural” one of 6 h (the
ferent to the TOMCAT-based version of GLOMAP—-MODE time spacing of the reanalysis data); this choice is validated
documented ifMann et al.(2010, which uses the biome- in Telford et al.(2008. The nudging is applied between lev-
dependent vertical profiles recommendedientener et al.  els 14 ¢ 4km) and 32 { 21 km) inclusive; levels 13 and
(2006. For all sources, the geometric standard deviation of33 are nudged at half strength (i.e. with a 12h time con-
the particle diameter is 1.59. stant), and no nudging is performed on levels outside this

BC aerosol is initially insoluble, but can be “aged” into range. Free-running simulations (without nudging) were also
the soluble Aitken mode following uptake of sulphuric acid run for comparison.
and secondary organic material via condensation and coag- For the sensitivity tests, four different simulations were
ulation. This ageing proceeds at a rate consistent with a 10earried out covering the period of the first three phases of the
monolayer coating being required to make a particle solubleHIPPO campaign, as shown in Tal@eAll simulations were

All sizes of soluble and insoluble aerosol particles may run from September 2008 through to the end of April 2010,
be removed by dry deposition and below-cloud impactionallowing four months spin-up before the start of HIPPO-
scavenging; soluble accumulation- and coarse-mode partil. No re-tuning of the model was performed for either the
cles may also be removed by in-cloud nucleation scavengnudged or the free-running simulations.
ing. Dry deposition and gravitational sedimentation are cal- The BASE configuration is derived from the standard
culated following Slinn (1982 and Zhang et al.(2001). UKCA aerosol configuration, which takes its black carbon
Below-cloud scavenging followSlinn (1984, usingBeard  emissions from the AEROCOM hindcast inventoyighl
and Grover(1974 scavenging coefficients and terminal ve- etal, 2012, including emissions from fossil fuel, biofuel and
locities fromEaster and Hale§l983, assuming a modified biomass burning through to the end of 2006. Although the
Marshall-Palmer raindrop size distributioBgkhon and Sri- HIPPO campaign began after this, the fossil fuel and biofuel
vastaval971]). In-cloud scavenging by large-scale precipita- emissions have little interannual variability and so we simply
tion assumes that 100% of the aerosol in the soluble accurepeat those for 2006. Biomass burning, however, has signif-
mulation and coarse modes is taken up by cloud water iricant interannual variability; since the emissions inventory
the cloudy fraction of each 3-D grid box, and is then re- does not cover the required period, we used a monthly cli-
moved at the same rate at which the large-scale cloud wamatology derived from the “modern” portion of the AERO-
ter is converted to rain. (Nucleation, Aitken and insoluble COM hindcast inventory (1997 to 2006), which is based on
modes are not subject to in-cloud scavenging.) Aerosol is remonthly-mean emission fields of the Global Fire Emissions
moved immediately, and is not returned to the atmospheréatabase (GFED) version 24n der Werf et a)2006. Other
when rain evaporates. Convective rainfall is treated similarly,(non-BC) emissions are also taken from year 2006 of the
but assumes a cloud fraction of 30% and a conversion ratdEROCOM hindcast inventory, or (for additional gas-phase
of 99% over 6 h in all grid-boxes where convective rain is emissions not included therein but required by the UKCA
produced. (This is different to the TOMCAT-based version chemistry scheme) from year 2006 of Representative Con-
of GLOMAP-mode, in which convective scavenging is de- centration Pathway (RCP) 8.Ri@hi et al, 2011).
pendent on the rain rate while large-scale scavenging uses a
fixed removal timescale.) The scavenged aerosol is removed-2 ECHAM5-HAM2

from the grid-box mean tracers after the convection scheme ) ) ) )
has run — i.e. from the post-convection environmental air at= CHAMS (Roeckner et 8l 2003 is the fifth-generation cli-

the level where the precipitation formed, rather than the con.Mate model developed at the Max Planck Institute for Mete-

vective updraught itself. This allows a greater separation of°"©109Y- It has a spectral dynamical core, solving prognostic
the convection and aerosol schemes, but may limit the abilityauations for vorticity, divergence, surface pressure and tem-

of convective scavenging to control vertical transport (as weberature in spherical harmonics with a triangular truncation.
show in Sect6.1). A hybrid sigma/pressure vertical coordinate is used. Physi-

The model configuration used here is based on a develc@l parameterisations are solved on a corresponding Gaus-

opment version of HadGEM3 (atmosphere-only, cIimatoIog-Sian griq. Tracer transport is semi-Lagrangian in grid-point
ical SST, Met. Office Unified Model version 7.3) at N96L3g SPace kin and Rood 1996.
resolution (125° latitude x 1.875 longitude x 38 vertical

Atmos. Chem. Phys., 13, 596%986 2013 www.atmos-chem-phys.net/13/5969/2013/
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Table 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 GFED2 1997-2006 clim. (monthly)
modifications for flight-track sampling.
G3M As BASE, but with GFED3.1 monthly biomass GFED3.1 2008-2010 (monthly)
emissions.
CVSCAVY As BASE, but with in-plume convective scavenging GFED2 1997-2006 clim. (monthly)

scheme added, as described in the text.

CVSCAV+G3M  Combining both in-plume convective scavenging GFED3.1 2008—2010 (monthly)
(CVSCAV) and GFED3.1 emissions (G3M).

ECHAM5-HAM2  BASE Basic configuration, with only diagnostic GFED2 1997-2006 clim. (monthly)
modifications for flight-track sampling.
G3M As BASE, but with GFED3.1 monthly biomass GFED3.1 2008-2010 (monthly)
emissions using modified vertical distribution.
G3H As BASE, but with GFED3.1 3-hourly biomass GFED3.1 2008-2010 (3-hourly)

emissions using modified vertical distribution.

HAM 2.0 (Stier et al, 2005 Zhang et al.2012 is also a  removing aerosol from the convective tracer flux according
two-moment modal aerosol scheme based on the M7 frameto the rate at which water and ice are removed in convec-
work (Vignati, 2004, transporting five components (sul- tive precipitation. Where (a fraction of) the precipitation in
phate, sea salt, black carbon, particulate organic matter and column evaporates before reaching the ground, the same
mineral dust) in seven internally-mixed log-normal modes fraction of the aerosol removed from the column is returned
(four soluble and three insoluble). Unlike in UKCA, mineral to the atmosphere.
dustin ECHAM5-HAM2 is incorporated into the M7 frame-  Large-scale cloud follows the two-moment scheme of
work. Lohmann et al(2007) with modifications byl. ohmann and

Primary BC emissions use a modified version of the AE-Hoose(2009 and Abdul-Razzak and Gha(2000 aerosol
ROCOM recommended size distributions, accounting for theactivation, withSundqvist et al{1989 cloud cover. Convec-
width of the M7 modes. Fossil-fuel and biofuel emissions tion follows the mass-flux scheme @fedtke (1989, with
are added as a surface flux to the boundary-layer verticamodifications byNordeng(1994.
diffusion equations, while biomass-burning emissions use The model configuration used here is based on ECHAM
a biome-dependent vertical profile, as specified for AERO-5.5 (atmosphere-only, AMIP2 prescribed SST) at T63L31
COM Phase | Dentener et al2006. BC aerosol is initially ~ resolution ¢~ 1.875> x 31 vertical levels up te- 10hPa) with
insoluble, but can be “aged” by sulphate through condensaHAM 2.0. Once again, the large-scale dynamics are nudged
tion and coagulation to become soluble; in contrast to UKCAtowards ERA-InterimDee et al. 2011 reanalysis data, fol-
only a single monolayer is required. lowing Jeuken et al(1996: temperature, vorticity and di-

Dry deposition of soluble and insoluble particles follows vergence are surface log-pressure are relaxed towards the re-
Ganzeveld et a[1998, modified to use the explicit size dis- analysis fields with time constants of 24 h, 6h, 48h and 24 h,
tribution from the model, and is applied as a surface flux torespectively, on all model levels. The nudging is performed
the boundary-layer vertical diffusion along with the emis- in spectral space, on all but the wavenumber-0 (global-mean)
sions. Below-cloud scavenging is calculated according to thespectral component.
rain and snow fluxes, using size-dependent collection effi- For the sensitivity tests, three different simulations were
ciencies fronSeinfeld and Pandid998. In-cloud scaveng- carried out for the period covering the first three phases
ing assumes that a prescribed fraction of the number andf the HIPPO campaign, as shown in Talfe As for
mass of aerosol in each mode from the cloudy part of eaciHadGEM3-UKCA, all simulations were run from Septem-
grid box is susceptible to removal, at the rate at which large-ber 2008 through to the end of April 2010, allowing four
scale cloud water/ice is converted to rain/snow. Scavengingnonths spin-up before the start of HIPPO-1, and no re-tuning
in convective clouds is coupled with the tracer transport inwas performed.
the mass-flux convection scheme, and proceeds similarly but

www.atmos-chem-phys.net/13/5969/2013/ Atmos. Chem. Phys., 13, 5%%86§ 2013
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In the BASE configuration, emissions are taken from therather than random (uncorrelated) error, we assume that the
AEROCOM hindcast inventonyXiehl et al, 2012 for 2006,  full £30% may apply to the derived burden estimates. These
with biomass-burning emissions using a 1997 to 2006 clima+anges (including both the extrapolation and measurement

tology as described for HadGEM3-UKCA. uncertainty) are shown as the red bars on the side-plots in
Fig. 1.
4 Method 4.2 Point-by-point comparison

As mentioned in Secl, to best compare the simulations with For a more detailed point-by-point comparison, we perform
the aircraft measurements from the HIPPO campaign, weon-line interpolation of the instantaneous mass mixing ratio
sample the output of the HadGEM3-UKCA and ECHAM5- fields from each model to the points along the HIPPO flight
HAM2 models along the flight track. However, to give a gen- track, following O’Connor et al.(2009 and Telford et al.
eral indication of how the models’ BC distributions compare (2013. The spatial interpolation is linear in log-pressure
to the observations, we first show regional maps of the simuand both horizontal directions. Temporally, each observa-
lated BC column burden with that derived from the SP2 mea-tion is matched to the following model time-step. Coupled

surements over-plotted along the flight track (Hig. with nudging to reproduce the observed synoptic conditions
(notwithstanding the uncertainty in reanalysis fields in re-
4.1 Burdens mote regions with sparse observations), this allows us to

sample the model output consistently with the observations

From a modelling perspective, column-integrated mass burrather than using a monthly mean or climatology. Although
dens are a useful metric by which to measure the distributiomeither water vapour nor any cloud variables are nudged
of aerosol. However, it is difficult to obtain direct measure- directly, Telford et al. (2008 show that large-scale cloud
ments of aerosol burden on large scales, as satellite-basexhd precipitation patterns are reproduced well in a nudged
instruments can only measure integrated optical propertiesnodel, whileRusso et al(2011) show that for convection a
(with passive instruments) or vertically-resolved backscattemudged model performs as well as an offline chemical trans-
(with active lidar). Burdens cannot be inferred from such port model (CTM) driven directly by meteorological fields
measurements without additional knowledge of the chem{rom a reanalysis.
ical and microphysical properties of the aerosol particles. Once this sampling has been done, we can evaluate the
Ground-based sun-photometers and lidar are similarly lim-model output pointwise against the actual HIPPO observa-
ited, while ground-based in-situ measurements are limited tdions both visually and quantitatively. For a visual compar-
particles near the surface. The geographical and vertical covison we simply plot the differences in mass mixing ratio at
erage of the HIPPO campaign, however, provides a basis orach point on the flight track (see Figsand4, discussed in
which to evaluate model burdens directly. detail in Sects6.1and6.2). For a more quantitative analysis,

We estimate the local BC column burden in the vicinity we look at the mean difference (bias) and correlation coeffi-
of each HIPPO ascent or descent profile. Suitable profilesient between the logarithms of the real and simulated mass
are identified as periods of near-continuous ascent or descentixing ratios, over all the points along the flight track (see
covering at least the.Bkm to 75km altitude range. From Fig. 5, discussed in detail in Se&.3). Logarithms are taken
each profile, the mean BC concentration (mass of BC peias the distribution of observed mixing ratios appears to be ap-
unit volume) in each & km altitude interval from 0 to 15km  proximately log-normal; this results in a distribution which
is calculated. These are then integrated vertically to give anis more symmetric and closer to a normal distribution, mak-
estimate of the column burden (shown on the maps inFig. ing standard statistical techniques more meaningful. Without
as coloured circles). logarithms, the correlation coefficient is distorted by differ-

Because the HIPPO profiles do not extend all the way toences in the long upper tail of the distribution.
the surface or our 15km “lid”, there is some uncertainty in  To estimate the uncertainty in the quantitative analysis, we
how we extrapolate the profile when calculating the burden.use bootstrapping to construct 95% confidence intervals for
We calculate a lower estimate by assuming the BC concenthe bias and correlation. Because both the observed and mod-
tration is zero outside the altitude range of the observationsglled data series show significant autocorrelation, we use a
for an upper estimate, we assume that the BC concentrationsoving-block bootstrapKunsch 1989 with block length
observed at the bottom and top of the profile continue to the30 (i.e. resampling in approximately half-hour blocks). This
surface and 15km, respectively. (This does not give a true upprovides an estimate of the uncertainty due to random sam-
per bound on the burden, since the concentrations outside thaing variability. To incorporate the uncertainty in the SP2-
observed altitude range may be higher then those within, butierived mixing ratios, we extend the error bars on the bias by
provides an estimate of the extrapolation uncertainty.) Be-+30% (to accommodate the worst-case effect on the bias, of
causeSchwarz et al(2010 attribute the largest part of the a systematic calibration error). For the correlation, we apply
+30% uncertainty in BC MMR to calibration (correlated) random multiplicative Gaussian white noise with a standard
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Fig. 3. Difference of BC mass mixing ratio (kg kd) 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-min intervals;

observed mixing ratio is calculated from HIPPO SP2 data aggregated over 1-min intervals.

deviation of 30 % to each bootstrap sample (to accommodatéer of modelled particles which would contain a detectable
the worst case effect on the correlation, of completely uncor-amount of BC, is problematic because the models assume
related observation errors). uniform composition, with BC mass spread over all particles
There is some additional uncertainty in the comparison,in a given mode. This results in lower BC masses per par-
due to the limited size range of the SP2 measurements ticle, and many fewer detectable particles, than if the BC is
we adjust the measurements as described in Qect.ac-  confined to a subset of particles — whiBfeddington et al.
count for this, but some uncertainty remains as in practice(2013 show may indeed be the case, at least in the more pol-
the fraction of BC which is within the detectable range will luted air over continental Europe.
be variable. An alternative approach, of calculating the num-
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each phase of the HIPPO campaign (columns). The model is nudged and sampled along the HIPPO flight track at 1-min intervals; observed

mixing ratio is calculated from HIPPO SP2 data aggregated over 1-min intervals.

5 Sensitivity tests to estimate emissions at daily time resolution, and a diurnal
profile for each month (also at® resolution, in 3-h inter-
5.1 Biomass-burning emissions vals), giving estimates at 3-hourly time resolutidfu(et al,

2011). The new dataset now covers the period to the end of

One of the most variable and uncertain sources of BC is fron12010’ sufficient for simulations during the first three phases

. : : : of the HIPPO campaign and removing the need to extrapo-
le f tely half the B . o -
biomass burning (responsible for approximately half the BC ate the emission dataset. Switching to GFED3.1 emissions

emissions by mass in the models, the remainder coming fron#or biomass burning gives the G3M (monthly emissions) and

fossil fuel and biofuel burning). The emissions used in theGSH 3-hour] S i " the latt Vi
BASE configurations of both models are a monthly clima- plemén:te((;ui;yE?:rTII;,?-\SI\I/Iosn—S&;(KAnzl)gura ions (the latter only im-

tology derived from the AEROCOM hindcast inventory, it- )
self based on the Global Fire Emissions Database (GFED),, In Hgd(}EMS—UKQA, both BA.SE anq G3M co_nflgura—_
tions distribute the biomass-burning emissions uniformly in

ion 2 der Werf et a).2006. H , GFED ver- .
version 2 ¢an der Werf et & 9. However ver height over levels 2 to 1250 m to 3km). In ECHAM5—

sion 3.1 is now availablesan der Werf et a)2010. Amongst . : .

various improvements to the emission estimates, there is EAMZ’ th_e BASE conflg_ura_\tlon uses_ablome-dependentver-
substantial reduction in total carbon emissions from biomas'%c":1I profile for the emissions, as in AEROCOM I?hase I
burning, which is reflected in the BC emissions. In addition, pentepgr et a,I.ZOOQ, _wh|Ie the G3M and G3H configura-
GFED3.1 provides daily fractional emission fields (at the tpns divide the emissions equally between the model levels
same (B° resolution as the monthly data, but not resolved bydlagnosed to be within the boundary layer.
chemical species) which can be applied to each month’s data
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5.2 Convective scavenging 6 Results

Convection plays a dominant role in the upward transports. 1 HadGEM3-UKCA
of both gaseous and particulate matter in the atmosphere,

with wide variation amongst models especially for short- The BC MMR from HadGEM3—-UKCA (in its BASE config-
lived speciesKoyle et al, 201]). However, convection (es- yration), sampled at 1-minute intervals along the flight track
pecially the vigorous, deep convection that can transport aifor the first three phases of the HIPPO campaign, is shown
parcels from the boundary layer to the upper troposphere) isn the second row of Fig2. Although some features (e.g.
also associated with intense precipitation, and thus a signifithe disparity between the hemispheres in the HIPPO-3 data)
cant amount of material may be removed by wet scavengingre well reproduced, the model does not appear to reproduce
before itis detrained from the convective updrau@ichwarz  other large-scale features of the observations very well. Most
etal.(2010 identify the treatment of this process as likely to noticeably, for all three phases, the model has a significant
be a major factor in the diversity of the AEROCOM models excess of BC in the upper troposphere, especially in the trop-
and their high bias compared to the HIPPO-1 SP2 observays.
tions, particularly in the tropics. Figure 3 shows the difference between the HadGEM3—
The models used here take two different approaches tQJKCA simulations in each configuration and the actual ob-
convective scavenging. In the operator-split approach, aservations from each phase of the HIPPO campaign.
used in the BASE configuration of HadGEM3-UKCA, con- |t is clear from these difference plots that, at least for
vective scavenging removes aerosol from the grid-box mearH|PPO-1 and HIPPO-2, the upper-tropospheric excess seen
field after the convection scheme (including convective tracelin the BASE configuration is largely removed when the in-
transport) has run. In the in-plume approach, as used irplume convective scavenging scheme is switched on (i.e. in
ECHAM5-HAM2, aerosol is removed directly from the CvSCAV and CVSCAV+G3M), suggesting that the lack of
tracer flux in the convective updraught, along with the re-realistic convective scavenging may have been responsible.

mO\{aI of V\_/ater by convective precipitation. Addlthﬂa' sim- This is Supported by the fact that — without adjusting any
ulations with HadGEM3-UKCA have also been carried out other parameters in the model — the improvement is so strong,

using an in-plume scheme (CVSCAV and CVSCAV+G3M while introducing very little in the way of new visible er-
Configurations). This assumes that 100 % of the soluble aCCUrors which we m|ght expect to see if the new scheme was

mulation and coarse modes in the upward convective tracegompensating for errors in a different process (which would
flux is taken up by the cloud drops and, therefore, removedikely have a different structure). The third row of Fig.
in proportion to the amount of cloud water which precipi- shows the BC mixing ratio from the CVSCAV+G3M simula-
tates (as in the existing scheme for large-scale cloud); addition, which is visibly more realistic with respect to the obser-
tionally, 50 % (by mass and number) of the soluble Aitken vations. For HIPPO-3, the improvement is largely confined to
mode is taken up and thus susceptible to removal, as a crud@e Southern Hemisphere; in the Northern Hemisphere both
representation of the fact that smaller particles can be acsimulations produce too little aerosol at lower levels and too
tivated in the faster updraughts found in convective cloud.much aloft. This is despite the fact that HIPPO-3 observed
(The figure of 50% is somewhat arbitrary, and there is cer-more BC at upper levels in the Northern Hemisphere than
tainly scope for refinement — both the large-scale and conthe earlier phases.
vective schemes should ideally use an appropriate critical ra- The change in switching to GFED3.1 biomass-burning
dius based on #&hler theory.) It should be noted, however, emissions (i.e. BASE to G3M) is less dramatic. While, for
that this scheme does not yet include resuspension of aerosgj|ppO-1 and HIPPO-2, the difference plot for the G3M sim-
when rain evaporates (nor does the existing operator-splitilation (second row of Fig3) indicates less of a positive
scheme, or the large-scale scavenging scheme), unlike th@ias than for BASE, the upper-tropospheric excess remains
in ECHAM5-HAM2. clear. Applying the emissions change on top of the in-plume
Although in this study we focus on the impact of the cou- convective scavenging (i.e. going from CVSCAV to CVS-
pling between convective transport and wet deposition, it isCAV+G3M) removes what little excess remains in the mid-
worth noting that the parameterisation of convective trans-dle and upper troposphere, but appears to leave an overall
port itself (in particular entrainment and detrainment) may negative bias compared to the observations. For HIPPO-3,
have a significant impact on the vertical distribution of trac- the differences from the choice of emissions are even less
ers, as demonstrated koyle et al.(2011) andCroft et al.  clear. Unlike for convective scavenging, we cannot be con-
(2012. fident 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 glob-
ally, and for HIPPO-3 in the Southern Hemisphere, the dis-
agreement between the BASE model and observations is
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dominated by the lack of realistic convective scavenging, anderence is due to the different vertical profile of emissions
is much improved when an in-plume approach is introducedbetween BASE and G3M. However, an additional simula-
For HIPPO-3 in the Northern Hemisphere, however, it ap-tion (not shown here) for HIPPO-1 with the same GFED2
pears that the disagreement is dominated by other effectemissions as BASE, but the boundary-layer-following ver-
which have not yet been identified. This is consistent withtical profile of G3M shows results very similar to BASE.
HIPPO-3 occurring in Northern Hemisphere spring, when This suggests that it is the updated inventory, rather than the
convective precipitation in the northern mid-latitude Pacific change in vertical profile, which makes the difference. Sim-
is relatively weak. ilarly, using a boundary-layer-following emission profile in
The differences can also be seen in the burdens (top twtHadGEM3-UKCA (instead of the default fixed 50 m to
rows of Fig.1). The BASE simulation over-predicts the BC 3km profile) makes little difference, indicating that the dif-
burden at most of the profile locations, in many cases by arferent emission profiles do not contribute significantly to the
order of magnitude. CVSCAV+G3M performs much better, differences between the two models.
with the model burden frequently close to the range esti- As in HadGEM3-UKCA (CVSCAV), HIPPO-3 looks
mated from the HIPPO observations. For brevity, the separather different to the earlier phases. There appears to be little
rate plots for CVSCAV and G3M are omitted; however as change between the ECHAM5-HAM2 BASE and G3M sim-
before, most of the improvement is seen in the former and iaulations, with the tropospheric error in both simulations dom-
particularly pronounced over the tropical warm pool region inated by negative anomalies throughout most of the North-
where strong convective scavenging is expected. The higlkern Hemisphere.
burdens observed in the Arctic in HIPPO-1 were attributed For all three phases, there is almost no visible differ-
to a localised biomass-burning plurmgchwarz et aJ.2010 ence between the G3M and G3H simulations. This indicates
as they were dominated by two particular profiles which werethat, at least for simulations in remote regions such as those
close together. In HIPPO-2 and HIPPO-3, however, the highcovered in the HIPPO campaign, monthly biomass-burning
Arctic burdens are a more systematic feature of the profilesemissions are sufficient as any high-frequency variability at
in this region. This suggests that the model is underestimatthe source is smoothed out during transport. Higher-time-
ing the transport of BC to the Arctic — either due to errors resolution emissions could provide more benefits for simu-
in the transport itself, or because it is removed too rapidlylations closer to source regions, however.
(probably by large-scale wet scavenging, since this affects The ECHAM5-HAM2 simulated burdens (third row of

both BASE and CVSCAV simulations). Fig. 1) show a similar pattern of overestimating the ob-
servations as the HadGEM3-UKCA BASE simulation, de-
6.2 ECHAM5-HAM?2 spite ECHAM5-HAM?2 already having an in-plume con-

vective scavenging scheme. We cannot determine from this

The BC MMR from ECHAM5-HAM2 (in its BASE con- analysis what process is responsible for the high burden in
figuration), sampled at 1-minute intervals along the flight ECHAM5-HAM2 — a more detailed study of the role of
track for the first three phases of the HIPPO campaign, ishe different processes in this model would be required. It
shown in the bottom row of Fig2. These do not exhibit may still be some aspect of scavenging which is too weak,
the large upper-troposphere excesses seen in the HadGEM3ut equally the problem may be elsewhere. The AERO-
UKCA BASE simulation, but there are some unexpectedly COM Phase | Textor et al, 2006 median model, shown in
large mixing ratios at even higher altitudes (including into the bottom row, shows a similar positive bias.
the lower stratosphere). The presence of high BC burdens in the remote Pacific in

Figure 4 shows the difference between the ECHAM5— these models, in a way that does not correspond with obser-
HAMZ2 simulations in each configuration and the actual ob-vations, suggests that the model BC lifetime is too long. In
servations from each phase of the HIPPO campaign. ThédladGEM3-UKCA this appears to be a structural issue with
lower-stratosphere anomalies are clear in all simulations, andonvective scavenging; in ECHAM5-HAM2 and other mod-
for HIPPO-1 and HIPPO-2 the BASE configuration shows els it may be due to different processes.
patches of (mostly positive) bias throughout the troposphere
that are not immediately obvious from F@. 6.3 Quantitative evaluation

Some of the strongest biases are reduced in the G3M sim-
ulation: in particular, at lower levels around the equator (for Figure 5 shows the bias and correlation coefficient of
all three phases) and also in the southern mid-latitudes (fotog(BC MMR) for each simulation against each phase of the
HIPPO-1). This suggests that part of the tropospheric error irHIPPO campaign, along with bootstrap uncertainty estimates
the BASE configuration may be attributable to the choice andas described in Sect.
implementation of biomass-burning emissions; howeverasin The improvement in both bias and correlation when
HadGEM3-UKCA, the improvement is not decisive enough switching to in-plume convective scavenging in HadGEM3-
to exclude the possibility that we are compensating for othetUKCA can clearly be seen when going from BASE to CVS-
biases in the model. It is also possible that some of this dif-CAV, or from G3M to CVSCAV+G3M (with the exception
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Fig. 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-bloc
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.

of the negative bias against HIPPO-2 and HIPPO-3 in thebetween free-running and nudged simulations for HIPPO-
CVSCAV+G3M simulation). The improvement in correla- 1, -2, -3, respectively. In addition, the improvement in bias
tion should perhaps be regarded as more relevant, as the biasd correlation from changes to the model configuration is
is likely to be more susceptible to model tuning/calibration. enhanced in the nudged simulations. This is particularly sig-
For all three phases, this increase in correlatio246-> nificant for HIPPO-1, where nudging eliminates the overlap-
0.41, 027— 0.42, 051 — 0.65 between BASE and CVS- ping error bars on the correlation axis between BASE and
CAV for HIPPO-1, -2, -3 respectively) is statistically signifi- CVSCAV. This allows us to conclude that the improvement
cant in the sense that the error bars of the nudged BASE anih CVSCAV is statistically significant, which may not have
CVSCAV (or G3M and CVSCAV+G3M) simulations do not been clear from the free-running simulations alone. (It should
overlap. Carrying out the analysis separately for the points irbe noted in this context that the error bars on the free-running
the two hemispheres (not shown) indicates that the increasmodels are an underestimate — ensemble simulations would
in correlation comes largely from the Northern Hemisphere. be needed to quantify the additional uncertainty from the
For both models, a small improvement in correlation simulated meteorology.) Thus, not only does nudging help to
(although not in bias for HAdGEM3-UKCA CVSCAV) is produce realistic simulations of aerosol during a given flight
seen when going from BASE to G3M (or CVSCAV to campaign, but it also makes it easier to evaluate the effect
CVSCAV+G3M), although the overlapping error bars in- of changes to the aerosol scheme by damping errors due to
dicate that this is not statistically significant. As with the differences in large-scale dynamics.
visual analysis, there is almost no difference between the
ECHAM5-HAM2 G3M gnd G3H simulations. I_t is proba- g 4 Comparison with profile curves
bly the case that evaluation closer to source regions would be
more powerful in distinguishing between emissions invento-

ries and their time resolution. To compare the point-by-point analysis presented here with

. . , f more traditional approach, we have constructed profile
The correlation and, in most cases, also the bias are muc . -
curves from the HIPPO-1 observations for four latitude

improved in the nudged HadGEMS-UKCA simulations bands using the (geometric) mean and standard deviation
(solid symbols) compared to their free-running counterparts 9 9

S over all the profiles identified for the burden analysis (as
ﬁ@ﬂiﬂﬂéﬂf Oallfé cTLZicgr;'ag%% e eséljr_t)hg SBlASE described in Sect.1) in each latitude band. We have also

constructed corresponding curves from the January 2009
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10 || — cvscav ] i ] climate models against large-scale aircraft campaigns, and
e =l I | apply these to investigate the impact of convective scaveng-
ol | | | ing and biomass-burning emissions on the vertical profile of
Al \ | | | black carbon.

| \l | | | By running two aerosol—climate models in nudged con-

figurations and interpolating their output onto the track of a
flight campaign, we make a detailed pointwise comparison
2005208 605205 between model output and in-situ aircraft observations. Us-

1 I 1 ing data from a campaign such as HIPPO, which has good

125 ] i ] vertical resolution over an extended geographical area, this
1o 1 i 1 gives a powerful tool for evaluating the vertical distribution
8. 1 - 1 of aerosol in the models. We also show how these measure-

altitude / km

14

altitude / km

6 ments can be used to evaluate column-integrated burdens in
the models, which are a more direct product of most mod-
els than the optical/radiative properties (e.g. aerosol optical
depth) which can be evaluated via remote sensing.

We apply this approach to black carbon aerosol in
the HadGEM3-UKCA and ECHAM5-HAM2 models, and
Fig. 6. Vertical profile curves of BC mass mixing ratio for HIPPO-1 shown how each has different areas of disagreement with the
and horizontally-matched locations in the January 2009 monthly-HIPPO SP2 observations. Both models significantly over-
mean output from the HadGEM3-UKCA simulations. The shadedpredict BC burden, especially in the more remote regions,
region shows the (geom(_etric_) standard_ deviation of the Observe%uggesting that the BC lifetime is too long. In the case of
MMR values over the profiles in each latitude band, plustB6 % HadGEM3—UKCA, the largest discrepancy (an excess of
measurement error. . . ..

aerosol in the tropical upper troposphere) can be eliminated
by switching from the default operator-split convective scav-

monthly-mean output from the HadGEM3—-UKCA simula- €nging scheme to one which scavenges directly from the
tions, by horizontally interpolating to the location of each convective plume. This change improves both the vertical
profile identified in the observations. distribution of BC and the simulated burdens against the
The results are shown in Fi§. Although the construc- HIPPO observations, yielding a statistically significant in-
tion is similar to that inSchwarz et al(2010, the curves Crease in the pointwise correlation coefficient for all three
are not identical due to the different profile-detection algo-Phases of the HIPPO campaignZ@— 0.41, 027 — 0.42,
rithm used. While some improvement from both CVSCAv 0.51— 0.65 for HIPPO-1, -2, -3, respectively).
and G3M can be seen in these curves, this is rather less clear In both models, a somewhat smaller and not statisti-
than in the point-by-point analysis (Fig). In many cases, cally significant improvement can be seen when switching
the differences are overshadowed either by the variability befrom GFED2-based biomass-burning emissions to GFED3.1;
tween profiles within a region (e.g. in the'89-80° N band,  however, there is virtually no change in this remote region
where all four model curves lie almost entirely within the When the time resolution of these emissions is increased from
spread of the observed profiles) or by overall regional biasegnonthly to 3-hourly. It seems likely that a similar analysis
(e.g. in the 20S—-20 N band, where all four model curves With a wider range of flight campaigns, including the major
lie almost entirely outside the spread of the observed probiomass-burning regions, might better constrain the choice

files). Itis therefore difficult to ascribe statistical significance Of such emissions. _
to the model improvements from this analysis, as we did in We show for HadGEM3-UKCA that both the correlation

Sect.6.3from Fig.5. between the BASE configuration and the observations, and
This demonstrates the usefulness of the point-by-pointhe increase in correlation due to the new convective scaveng-

analysis presented here in allowing us to evaluate procesdnd scheme, are enhanced when the simulations are nudged

level changes to the model with rather more confidence tha@s opposed to free-running. In this way, nudging can enable

can be obtained from a more traditional approach_ StatiStica”y Significant improvements in the model to be de-
tected 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.Q2 to Q41) is statistically signifi-
cant, while the corresponding increase for the free-running
model (from 014 to Q27) is not.
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In an analysis of this kind, there is always the potential for Angstbm, A.: Atmospheric turbidity, global illumination
compensating errors in different parts of the model to obscure and planetary albedo of the earth, Tellus, 14, 435-450,
which processes are poorly represented. This is particularly doi:10.1111/j.2153-3490.1962.tb013561062.
true in this case where we make a change in the biomasgeard, K. V. and Grover, S. N.. Numerical Collision Effi-
burning emissions and compare to observations in remote Ciencies for Small Raindrops Colliding "‘_’fth Micron Size
regions; an analysis nearer the source regions might bet- gjgg?f;; 4;63:822§:N22E82é 05?5251%07"410'1175/ 1520-
ter distinguish emissions effects from other sources of bias ' o '

. . h Croft, B., Pierce, J. R., Martin, R. V., Hoose, C., and Lohmann,
For convective scavenging in HadGEM3-UKCA, however, U.: Uncertainty associated with convective wet removal of en-

we see a very clear improvement from a more physically-  trained aerosols in a global climate model, Atmos. Chem. Phys.,
realistic implementation without adjusting any other model 12 10725-10748, ddi0.5194/acp-12-10725-2012012.
parameters, with very little new error introduced; thus we Davies, T.: A new dynamical core of the Met Office’s global and
conclude that we are not simply compensating for other er- regional modelling of the atmosphere, Q. J. Roy. Meteorol. Soc.,
rors, but that it is the convective scavenging itself which must 131, 1759-1782, ddi0.1256/qj.04.1012005.

be accurately represented in the model to obtain a realisti®ee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
vertical profile. P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-

It is clear that vertically-resolved in-situ measurements X
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,

e e A3, o . oy S . b, . .
aerc lIStributi imu y SOi=cll ' Isaksen, L., Kllberg, P., Kohler, M., Matricardi, M., McNally,
conjunction with satellite remote sensing and ground-based , p Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey;

observations, and that they can provide particular insight into C., de Rosnay, P., Tavolato, C.,dfaut, J.-N., and Vitart, F.: The
the processes governing the vertical transport of aerosol in ERA-Interim reanalysis: configuration and performance of the
the atmosphere, as we have seen with convective scavenging. data assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553—
597, d0i10.1002/qj.8282011.
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