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Abstract. The inclusion of the direct and indirect radia-
tive effects of aerosols in high-resolution global numeri-
cal weather prediction (NWP) models is being increasingly
recognised as important for the improved accuracy of short-
range weather forecasts. In this study the impacts of increas-
ing the aerosol complexity in the global NWP configura-
tion of the Met Office Unified Model (MetUM) are inves-
tigated. A hierarchy of aerosol representations are evaluated
including three-dimensional monthly mean speciated aerosol
climatologies, fully prognostic aerosols modelled using the
CLASSIC aerosol scheme and finally, initialised aerosols us-
ing assimilated aerosol fields from the GEMS project. The
prognostic aerosol schemes are better able to predict the
temporal and spatial variation of atmospheric aerosol opti-
cal depth, which is particularly important in cases of large
sporadic aerosol events such as large dust storms or forest
fires. Including the direct effect of aerosols improves model
biases in outgoing long-wave radiation over West Africa due
to a better representation of dust. However, uncertainties in
dust optical properties propagate to its direct effect and the
subsequent model response. Inclusion of the indirect aerosol
effects improves surface radiation biases at the North Slope
of Alaska ARM site due to lower cloud amounts in high-
latitude clean-air regions. This leads to improved tempera-
ture and height forecasts in this region. Impacts on the global
mean model precipitation and large-scale circulation fields
were found to be generally small in the short-range forecasts.
However, the indirect aerosol effect leads to a strengthen-
ing of the low-level monsoon flow over the Arabian Sea and
Bay of Bengal and an increase in precipitation over Southeast
Asia. Regional impacts on the African Easterly Jet (AEJ) are
also presented with the large dust loading in the aerosol cli-

matology enhancing of the heat low over West Africa and
weakening the AEJ. This study highlights the importance of
including a more realistic treatment of aerosol–cloud interac-
tions in global NWP models and the potential for improved
global environmental prediction systems through the incor-
poration of more complex aerosol schemes.

1 Introduction

While the important role of aerosols in climate prediction
studies has long been recognised (Forster et al., 2007; Hay-
wood and Boucher, 2000; Houghton et al., 1996) the im-
pact of aerosol–cloud–radiation feedbacks in global numer-
ical weather prediction (NWP) models is less well under-
stood. Aerosol particles modify the Earth’s radiation balance
through the scattering and absorption of solar and infra-red
radiation (the direct aerosol effect). They also act as cloud
condensation nuclei on which cloud droplets can form. Con-
sequently, increasing concentrations of aerosols can alter the
microphysical and optical properties of clouds (the indirect
aerosol effect) (Lohmann and Feichter, 2005), such as cloud
albedo (Twomey, 1977), cloud lifetimes and precipitation ef-
ficiency (Rosenfeld, 2000). Increased absorption in the long-
wave (LW) and short-wave (SW) spectral regions due to
the presence of absorbing aerosol species, such as mineral
dust and black carbon (BC), modifies the atmospheric heat-
ing profile affecting cloud cover and atmospheric stability
which can subsequently impact large-scale circulation pat-
terns (semi-direct effects). Aerosol particles can also be haz-
ardous to human health, severely reducing visibility and af-
fecting air quality (Prospero et al., 2001; Prospero, 2001). It
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has also been proposed that mineral dust particles provide
an effective medium for the efficient transport of bacteria,
and potentially pathogens, across large regions of the globe
(Prospero et al., 2005). Furthermore, dust can adversely im-
pact aviation, military operations and technology in dust-
prone locations.

Most global climate models include increasingly com-
plex aerosol schemes and their influences on climate (Bel-
louin et al., 2011; Stier et al., 2005; Ghan et al., 2001).
In contrast, aerosols have historically been poorly repre-
sented in global NWP models. Most operational systems pre-
scribe fixed aerosol distributions for the direct aerosol ef-
fect and few, if any, incorporate the aerosol indirect effects.
This is mainly due to the additional complexity and large
computational resources required to include fully prognostic
aerosol schemes in global high-resolution operational fore-
casting systems but also due to a limited understanding of
aerosol–cloud–radiation feedbacks in short-range forecasts.
NWP systems are constrained at short lead times by the data
assimilation of near-real-time weather observations which
implicitly include, for example, the impact of aerosols on
atmospheric temperature profiles. It has been previously as-
sumed in NWP communities that such advanced data assim-
ilation systems remove the requirement of including interac-
tive aerosol schemes but this view is rapidly changing and
the potential benefits of increasing aerosol complexity and
fully coupling to the meteorology in high-resolution systems
is being advocated (Zhang, 2008).

On NWP timescales (5–10 days),Rodwell and Jung
(2008) show an improvement in forecast skill and gen-
eral circulation patterns in the tropics and extra-tropics by
using a monthly varying aerosol climatology rather than
a fixed climatology in the European Centre for Medium-
Range Weather Forecasting (ECMWF) global forecasting
system. Mineral dust aerosol is the largest contributor to the
global aerosol load and therefore many NWP studies to date
have focused on the radiative impact of mineral dust in the
major dust source regions. Dust induces a thermal dipole ef-
fect, namely a warming within the dust layer and a cooling
of the surface below (Reale et al., 2011; Perez et al., 2006).
Such thermal stratification leads to increased atmospheric
stability during the day and decreased stability at night, af-
fecting the diurnal cycle of precipitation and wind speed
(Zhao et al., 2011; Heinhold et al., 2008). Improved represen-
tations of dust have also been shown to lead to a northward
and upward shift in the African Easterly Jet (AEJ) in bet-
ter agreement with observations (Reale et al., 2011; Wilcox
et al., 2010; Tompkins et al., 2005).

The omission of mineral dust in the global NWP configu-
ration of the Met Office Unified Model (MetUM) results in
a large bias of up to 55 Wm−2 in outgoing long-wave radia-
tion (OLR) fields over West Africa (Haywood et al., 2005).
Milton et al. (2008) attributed biases of a similar magnitude
in the surface and top-of-atmopshere (TOA) SW fluxes to
missing absorbing aerosol species (dust and biomass burning

aerosol) over the same region. These model biases are not
solely limited to the MetUM and similar biases have been
found over Northwest Africa using an ensemble of eight dif-
ferent models (Allan et al., 2011).

Reale et al.(2011) investigate the direct impact of aerosols
in the GEOS-5 (Goddard Earth Observing System) global
high-resolution operational forecasting system using the GO-
CART bulk aerosol model (Colarco et al., 2010). They argue
that standard metrics used to evaluate NWP model skill, such
as the global mean 500 hPa geopotential height anomaly, are
not suitable to assess the impact of aerosols as benefits can
often be on local scales associated with significant aerosol
events such as large dust outbreaks or wild fire episodes.
Grell and Baklanov(2011) advocate the use of fully coupled
chemical and weather forecasting systems for both air qual-
ity and weather forecasting applications, highlighting bene-
fits such as improved transport of chemical species in the for-
mer and a better representation of chemical species required
by the latter. They and other studies (e.g.Grell et al., 2011)
show that coupling aerosols to radiation and microphysics
schemes in high-resolution weather forecasting models may
improve forecasts of temperature and wind during a signifi-
cant wild fire event in Alaska.

In this study we investigate the direct and indirect effects
of aerosols in the global NWP configuration of the MetUM.
The aim of this paper is to determine the appropriate level
of aerosol complexity required in operational NWP systems
by evaluating a hierarchy of different aerosol representations.
These aerosol representations span different levels of com-
plexity ranging from a simple climatological representation
of aerosols to fully online aerosols coupled to the model
dynamics and radiation. The ability to accurately forecast
aerosol spatial and vertical distributions is of key importance
in any attempt to demonstrate the benefits of using online
interactive aerosols over an aerosol climatology. To this end
the development of aerosol data assimilation techniques has
substantially furthered our near-real-time aerosol forecast-
ing capability. The GEMS (Global and regional Earth system
Monitoring using satellite and in situ data) project success-
fully developed an integrated global and regional monitor-
ing system of the key greenhouse gases, reactive gases and
aerosols (Hollingsworth et al., 2008), which has been fur-
ther developed in the follow-on project MACC (Monitoring
Atmospheric Composition and Climate). In this study we use
speciated data assimilated aerosol fields from the GEMS sys-
tem to initialise our interactive aerosol simulations.

We aim to further our understanding of the direct and indi-
rect aerosol effects on the predictive skill of the model by
examining the relative importance of these effects at each
level of aerosol complexity on the radiation budget, hydro-
logical cycle and global circulation patterns in the model.
Section2 describes in detail the model and aerosol configu-
rations used. Section3 gives an overview of the observations
used to evaluate the model’s aerosol, radiation and meteoro-
logical fields. The aerosol forecasts are evaluated in Sect.4.
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Section5 presents and discusses the impacts of aerosols on
the model radiation fields. Section6 evaluates the impact
on aerosols on the predictive skill of the model as well as
impacts on the model precipitation and circulation patterns.
Section7 discusses the significance of these findings for
global NWP models while a summary and conclusions are
provided in Sect.8.

2 Model description and experimental design

The atmospheric simulations in this study use a determin-
istic global NWP configuration of the Met Office Unified
Model (MetUM) (Cullen, 1993) based on that in the Met Of-
fice’s operational NWP suite between 14 July and 2 Novem-
ber 2010; this is designated global NWP cycle G53. Its dy-
namical core uses a semi-implicit semi-Lagrangian formu-
lation to solve the non-hydrostatic, fully compressible deep
atmosphere equations of motion discretised onto a regular
longitude/latitude grid (Davies et al., 2005). The radiation
scheme employed is the two-stream radiation code ofEd-
wards and Slingo(1996) with six and nine bands in the short-
wave (SW) and long-wave (LW) parts of the spectrum re-
spectively. The atmospheric boundary layer is modelled with
the turbulence closure scheme ofLock et al. (2000) with
modifications described inLock (2001) and Brown et al.
(2008), whilst the land surface and its interaction with the
atmosphere are modelled using the Met Office Surface Ex-
change Scheme (MOSES,Cox et al., 1999). Convection
is represented with a mass flux scheme based onGregory
and Rowntree(1990) with various extensions to include
down-draughts (Gregory and Allen, 1991) and convective
momentum transport. Large-scale precipitation is modelled
with a single-moment scheme based onWilson and Ballard
(1999), whilst cloud is modelled using the prognostic cloud
fraction and prognostic condensate (PC2) scheme (Wilson
et al., 2008a, b).

The horizontal grid spacing used is 0.375◦
× 0.5625◦,

which corresponds to a resolution of approximately 40 km
in the mid-latitudes. This is slightly coarser than the 25 km
resolution used operationally in G53, due to the additional
computational expense in the experiments using prognos-
tic aerosol. In the vertical, we use the 70 vertical level set
L70(50t,20s)80, which has 50 levels below 18 km, 20 levels
above this and a fixed model lid 80 km from the surface.

All experiments presented cover the period from 3 June
to 24 July 2009, although results presented below do not
include the first 2 weeks, to allow simulations using prog-
nostic aerosol some time to “spin up”. We perform two
main forecasts per day, each 5 days in length, initialised at
00:00 UTC (00Z) and 12:00 UTC (12Z). The atmospheric
state in these forecasts is initialised using a continuous 6-
hourly cycle of four-dimensional variational data assimila-
tion (4D-Var) (Rawlins et al., 2007), the land surface using
a soil moisture analysis scheme (Best and Maisey, 2002) and

the sea-surface temperature and sea ice using OSTIA (Oper-
ational Sea-surface Temperature and sea Ice Analysis) (Don-
lon et al., 2012), which is continued throughout the forecast.
The first forecast in the cycle for each experiment is ini-
tialised from data held in the Met Office operational archive.

In order to investigate the role of aerosols, and the appro-
priate level of complexity required in a global deterministic
NWP system, we have devised a hierarchy of experiments
ranging from a very simple parametrisation based solely on
the surface type in each grid box through to a speciated prog-
nostic aerosol scheme initialised via near-real time data as-
similation. These experiments are described in more detail in
Sect.2.1. A significant advantage in using the MetUM for
these experiments is that the model includes the option to
use a relatively comprehensive prognostic aerosol scheme:
CLASSIC (Coupled Large-scale Aerosol Simulator for Stud-
ies in Climate), originally designed for use in climate change
simulations, and described in more detail in Sect.2.1.1. Fi-
nally, the Met Office does not currently have an assimila-
tion system for atmospheric composition, so for experiments
with initialised aerosol fields we use aerosol fields from the
GEMS aerosol forecasting system as described in Sect.2.1.3.

2.1 Aerosol representations in the model

Table 1 lists the hierarchy of model experiments that were
conducted. The control (CNTRL) simulation includes the
simplest treatment of aerosol and consists of a very basic,
two-dimensional climatology with fixed aerosol properties
over land and ocean (Cusack et al., 1998). This was the op-
erational aerosol configuration in the NWP model prior to
July 2010, after which it was replaced by the more realistic
monthly-mean aerosol climatologies described in Sect.2.1.2.
These aerosol climatologies and their direct radiative effect
are included in the aerosol climatology (CLIM) simulation.
Fully prognostic aerosols using CLASSIC are included in the
AER simulations, while these prognostic aerosol fields are
initialised with GEMS aerosol data in the INIT simulations.
For the prognostic aerosol simulations, two separate simu-
lations were carried out in each case, modelling the direct
aerosol effect only (AER_DIR and INIT_DIR) and the com-
bined direct and indirect aerosol effects (AER_DIR_INDIR
and INIT_DIR_INDIR). In the results presented in Sects.5
and6 all aerosol experiments are evaluated against CNTRL.

2.1.1 CLASSIC aerosol scheme

The CLASSIC aerosol scheme was developed by the Met Of-
fice Hadley Centre for use in climate model studies and is de-
scribed in detail byBellouin et al.(2011). Up to eight aerosol
types can be explicitly modelled in CLASSIC as external
aerosol species: sulfate, biomass burning, fossil fuel black
carbon (FFBC), fossil fuel organic carbon (OCFF), sea salt,
mineral dust, nitrate and secondary organic aerosol (termed
biogenic aerosol). The mineral dust scheme used is based
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Table 1.List of model experiments and aerosol radiative effects included.

Experiment Aerosol representation Direct Indirect

CNTRL Cusack et al.(1998) climatology X
CLIM Monthly-varying speciated climatologies X
AER_DIR CLASSIC X
AER_DIR_INDIR CLASSIC X X
INIT_DIR CLASSIC w/GEMS initialisation X
INIT_DIR_INDIR CLASSIC w/GEMS initialisation X X

on the mineral dust parametrisation described byWoodward
(2001), with a number of modifications described byWood-
ward(2011). In addition, we use a spatially fixed size distri-
bution of the emitted dust following the approach ofZen-
der et al.(2003). While CLASSIC does have the capabil-
ity of modelling nitrate aerosol, we do not include it here
as it requires a fully online chemistry scheme which is cur-
rently too costly to run at NWP resolutions. Biogenic aerosol
is represented by a monthly mean climatology derived from
modelled terpene emissions using the STOCHEM chemistry
transport model (Derwent et al.(2003)). Sea salt aerosol is
a diagnostic species only, with concentrations of the jet and
film mode diagnosed from near-surface wind speeds using
parametrisations developed byO’Dowd et al. (1997), and
does not undergo advection or deposition in the model. All
other aerosol species are transported and deposited as prog-
nostic tracers by the model’s tracer advection and deposition
schemes respectively. Aerosols are removed by wet and dry
deposition processes. Dry deposition is parametrised anal-
ogous to electrical resistance (Seinfeld and Pandis, 2006).
The mechanisms for wet removal of hydrophilic aerosols are
via in-cloud scavenging by large-scale and convective pre-
cipitation and below-cloud (washout) large-scale and con-
vective scavenging of hydrophobic aerosol. In order to ac-
count for re-evaporation of precipitation, in-cloud aerosol is
transferred to the accumulation mode in proportion of the
amount of precipitation that re-evaporates in each model
level. Aerosol emissions used to drive the CLASSIC scheme
are taken from the AeroCom-2 hindcast data set (Diehl et al.,
2012)) and are based on the year 2005. The emissions are up-
dated daily throughout the model simulations. The aerosols
are free-running in the forecasts and are not constrained by
any observations.

2.1.2 Aerosol climatologies

The current operational global NWP model uses monthly
mean three-dimensional climatologies of mass mixing ratio
of all CLASSIC aerosol species. Multi-year monthly means
of the aerosol fields are derived from a 20 yr HadGEM-2 cli-
mate model (Martin et al., 2011) simulation using the CLAS-
SIC scheme, except for mineral dust which was derived from
a 10 yr run. The aerosol fields from these model simulations
have been shown to compare well with observations (Bel-

louin et al., 2011), capturing key aerosol features such as in-
creased biomass burning loadings over central Africa in Jan-
uary, dust emissions over West Africa and subsequent trans-
port across the Atlantic Ocean and pollution over South and
East Asia in the summer.

2.1.3 Initialised aerosol fields

The GEMS forecasting system includes an operational data
assimilation and forecasting system for tropospheric aerosols
within the ECMWF Integrated Forecasting System (IFS).
Both natural (sea salt, mineral dust) and anthropogenic (or-
ganic carbon, BC and sulfates) aerosol components are
represented. The forecasting system includes the near-real-
time data assimilation of MODIS total aerosol optical depth
(AOD) at 550 nm. The aerosol assimilation has been shown
to be most effective in capturing high AOD events (Mor-
crette et al., 2009; Mangold et al., 2011), such as large dust
plumes off the West African coast, which might otherwise
be missed by the free-running aerosol forecast (Benedetti
et al., 2009). In the absence of an aerosol data assimilation
system in the Met Office we use assimilated aerosol fields
from the GEMS forecasting system to initialise the CLAS-
SIC aerosol species in the INIT simulations. We use data
from the GEMS near-real-time experiment rather than the
more recent MACC forecasts as neither the MACC near-real-
time forecasts nor the reanalysis were available for the June
to July 2009 time period at the time the model experiments
were being conducted. The resolution of the GEMS forecasts
is TL159L60, which corresponds to an approximately 1.125◦

horizontal resolution and 60 vertical levels.
In order to use the GEMS aerosol fields to initialise the

CLASSIC scheme in the MetUM it was necessary to re-
grid the fields to the MetUM vertical and horizontal grids
as well as map them to the appropriate CLASSIC aerosol
species. The aerosol model used in the GEMS aerosol fore-
casting systems is based on the LOA/LMD-Z model (Reddy
et al., 2005) and contains five tropospheric aerosol types:
sulfate, sea salt, dust, organic matter and BC. Figure1 is
a schematic outlining the procedure used to map the GEMS
aerosol species to the equivalent species in CLASSIC. The
model variable mapped was the aerosol mass mixing ratio.
Sea salt being a diagnostic variable in CLASSIC was not ini-
tialised. GEMS dust has a smaller number of size bins (three
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Fig. 1. Schematic of the procedure used to map GEMS aerosol
species to CLASSIC aerosol species.

bins representing 0.03 to 20 microns) than CLASSIC and so
was split between the six CLASSIC dust size bins (represent-
ing 0.03–31.6µm). GEMS contains only one sulfate (SO4)
variable which was split with a ratio of 9: 1 into the accu-
mulation and Aitken SO4 modes of CLASSIC, based on the
global mean ratio of these species in CLASSIC climate sim-
ulations. Sulfur dioxide (SO2) which is an important precur-
sor to SO4 formation along with dimethyl sulfide (DMS) was
not available from the GEMS archive and so could not be
initialised. While CLASSIC has separate dedicated schemes
for OCFF, FFBC, and biomass burning aerosol, the GEMS
aerosol system represents these aerosols as two species: or-
ganic matter (OM) and BC. The GEMS OM aerosol includes
organic carbon contributions from fossil fuel and biomass
burning sources as well as having a biogenic aerosol com-
ponent, while the GEMS black carbon represents both fos-
sil fuel and biomass burning BC aerosol. Consequently, the
CLASSIC biomass burning scheme was not used in the ini-
tialisation experiments. Instead the biomass burning emis-
sions were split into their OC and BC parts and added to the
OC and BC emissions used in the OCFF and FFBC schemes
respectively. This was deemed acceptable as the OCFF and

biomass burning parametrisations in CLASSIC are very sim-
ilar, as are the microphysical and optical properties used for
each species (Bellouin et al., 2011). Thus, the CLASSIC
OCFF and FFBC schemes are, in this configuration at least,
representative of the GEMS organic matter and black carbon
aerosol species.

The aerosol fields were initialised at the start of the
00Z and 12Z forecasts and were subsequently free-running
through the remainder of the 5-day forecast. As the NWP
forecast effectively runs fromT − 3 h,T + 9 h aerosol mass
mixing ratios from the 00Z and 12Z GEMS aerosol forecasts
were used to initialise the 12Z and 00Z forecasts respectively.
Comparison of the aerosol optical depth (AOD) at 550 nm
before and after initialisation along with the corresponding
derived AOD from the GEMS aerosol forecast (not shown)
show that the main impact of the initialisation is to increase
the aerosol loading in the Northern Hemisphere (NH), where
previously there was a factor of 2 difference between the two
models. After initialisation, there is a much improved agree-
ment between the two models, with a global mean difference
in AOD of 0.01. This good agreement gives us confidence
that the mapping procedure employed is fit for purpose.

2.2 Treatment of the direct and indirect aerosol effects

The aerosols are coupled to the model’s radiation and cloud
microphysics schemes allowing the direct and indirect ef-
fects to be modelled. Each CLASSIC aerosol species has a
prescribed log-normal number size distribution and a set of
wavelength-dependent refractive indices as detailed in Ta-
ble A1 of Bellouin et al.(2011). The aerosol optical prop-
erties are calculated offline using Mie calculations and are
then averaged across the short-wave and long-wave bands
of MetUM. Hygroscopic growth is parametrised as a func-
tion of relative humidity (Fitzgerald(1975), Haywood et al.
(2003b)) for hygroscopic species. The aerosol optical proper-
ties of the aerosol climatologies are the same as those of the
full CLASSIC scheme. The resulting optical properties are
stored in look-up tables for use during the model integration
by the radiation scheme. The semi-direct effect is implicitly
included, as the change in temperature profile due to heat-
ing from absorbing aerosol, such as BC, feeds back onto the
modelled cloud fields.

Indirect radiative effects are included for all species except
mineral dust and BC which are assumed to be hydrophobic.
The total cloud condensation nuclei (CCN) concentration
is calculated from the accumulation and dissolved aerosol
modes of the hydrophilic species using the aerosol mass and
prescribed size distributions. The cloud droplet number con-
centration (CDNC) is then calculated using theJones et al.
(2001) relationship:

CDNC= 3.75× 108(1.0− exp(−2.5× 10−9CCN). (1)

A minimum value for CDNC of 5× 106 m−3 is assumed.

www.atmos-chem-phys.net/14/4749/2014/ Atmos. Chem. Phys., 14, 4749–4778, 2014
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For the first indirect effect, the radiation scheme uses the
CDNC to obtain the cloud effective radius and cloud albedo.
For the second indirect effect, the large-scale precipitation
scheme uses the CDNC to calculate the autoconversion rate
of cloud water to rainwater based on theTripoli and Cotton
(1980) autoconversion scheme. The indirect aerosol effects
are described in detail byJones et al.(2001). The indirect
effects from the aerosol climatologies are currently not in-
cluded in the model. In this case, the MetUM assumes a con-
stant CDNC of 100 cm−3 and 300 cm−3 over ocean and land
respectively. Aerosol impacts on ice clouds are currently not
included.

3 Observations

3.1 AERONET global surface aerosol measurements

The Aerosol Robotic Network (AERONET) (Holben et al.,
1998) is an extensive ground-based observational network
of sun- and sky-scanning radiometers, which provide qual-
ity assured measurements of aerosol optical properties from
a range of different aerosol regimes across the globe (Holben
et al., 2001). In this study, post-processed and quality assured
(Level 2.0) AOD at 440 nm is used from a number of selected
stations to evaluate the model-derived total AOD in disparate
aerosol regimes.

3.2 MODIS AOD

The MODerate resolution Imaging Spectroradiometer
(MODIS) onboard the Terra and Aqua satellites makes
continuous global measurements of the upwelling radiance
at the top of the atmosphere in 36 spectral bands. Its wide
spectral range, high spatial resolution and near-daily global
coverage make it an ideal platform to observe the changes
in global, tropospheric aerosol distributions. A number of
aerosol products at a resolution of 10km× 10km, including
the spectral total AOD, Ångström exponent and fine-mode
AOD, are derived over both land and ocean using seven
of these well-calibrated channels in the region of 470 nm
to 2.1 µm (Remer et al., 2005). AOD measurements from
MODIS have been available since 1999 for the Terra plat-
form and since 2002 from the Aqua platform. The standard
MODIS aerosol retrieval algorithm for land surfaces (Kauf-
man et al., 1997) does not retrieve aerosol information over
bright surfaces such as deserts. The “Deep Blue” algorithm
has been subsequently developed byHsu et al.(2004) for
this purpose. In this study we use a merged Collection 5.1
Level 2 daily AOD product, which includes AOD from the
“Deep Blue” algorithm over bright land surfaces and AOD
from the standard land and ocean algorithms elsewhere.

3.3 MISR AOD

The Multi-angle Imaging SpectroRadiometer (MISR) instru-
ment on board the Terra satellite observes the TOA radiances
at nine different zenith angles and four narrow spectral bands
(446, 558, 672 and 866 nm) (Diner et al., 1998). The different
viewing angles allows MISR to retrieve aerosol information
over bright surfaces (Martonchik et al., 1998). Near global
coverage is obtained every 9 days at the equator, and 2 days at
the poles. Measurements of AOD have been available since
the year 2000. In this study the level-3 daily global MISR
AOD product was used at 0.5◦

× 0.5◦ resolution.

3.4 TRMM precipitation measurements

Precipitation measurements are taken from the Tropical
Rainfall Measuring Mission (TRMM) (Huffman et al.,
2001), which provides high-quality infrared precipitation
measurements and error estimates. The data are available
with a 3-hourly temporal resolution and a spatial resolution
of 0.25◦. Coverage extends from 50◦ N to 50◦ S.

3.5 GERB radiation measurements

The GERB (Geostationary Earth Radiation Budget) instru-
ment onboard the Meteosat-8 geostationary satellite rou-
tinely measures broadband SW and LW radiative fluxes from
TOA radiances (Harries et al., 2005). Calibrated SW radi-
ances are converted to fluxes using angular distribution mod-
els, which are themselves a function of the identified scene
type derived from the Spinning Enhanced Visible and In-
frared Imager (SEVIRI,Schmetz et al., 2002) on Meteosat-
8. GERB has a temporal resolution of approximately 17 min
and spatial scales of 50 km. The GERB data has an accuracy
of 2.25 % for SW irradiance and 0.96 % for LW irradiance.
Further details of the GERB instrument and its use in the
evaluation of the MetUM are given byAllan et al. (2011)
andAllan et al.(2007).

3.6 ARM radiation measurements

The US Atmospheric Radiation Measurement (ARM) pro-
gramme (Ackerman and Stokes, 2003) produces a wide
range of atmospheric measurements at a number of loca-
tions across the globe. We use surface radiative flux mea-
surements from broadband radiometers to evaluate the SW
and LW downwelling and upwelling components. Radiative
flux measurements are made every minute. In this study we
use the ARM climate modelling best estimate products (Xie
et al., 2010), where the data have been quality controlled and
processed to a 1 h temporal resolution.
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Fig. 2. Comparison of model AOD (550nm) at T +120 (day 5) with satellite observations from 24 June–24 July 2009:(a) MODIS
observations,(b) MISR observations,(c) AER DIR, (d) AER DIR INDIR, (e) INIT DIR, (f) INIT DIR INDIR and(g) CLIM.

Fig. 2. Comparison of model AOD (550 nm) atT + 120 (day 5) with satellite observations from 24 June to 24 July 2009:(a) MODIS
observations,(b) MISR observations,(c) AER_DIR, (d) AER_DIR_INDIR, (e) INIT_DIR, (f) INIT_DIR_INDIR and(g) CLIM.

4 Evaluation of aerosol forecasts

In this section we evaluate the skill of the forecasts of AOD
produced in the prognostic aerosol and CLIM simulations.
Figure2 shows the global mean spatial distribution of sim-
ulated AOD (550 nm) atT + 120 h into the forecast (day 5)
from all simulations. Also shown are the corresponding mean
spatial AOD distributions from MISR and MODIS. Quali-
tatively, the spatial distributions from all model simulations
compare well with the satellite observations. All models cap-
ture the mineral dust plume observed over West Africa and

the tropical Atlantic Ocean but there are some significant dif-
ferences in the details of this distribution. The CLIM mineral
dust is located too far north compared with the prognostic
dust simulations and satellite observations. It has a signif-
icant localised dust loading over the northwest of Africa,
while the prognostic simulations have a more widespread
distribution of dust across the whole of North Africa advect-
ing westwards across the Atlantic Ocean and eastwards from
the Horn of Africa across the Arabian Sea in good agreement
with both MODIS and MISR observations. CLIM also has
a significantly higher aerosol loading over China and over the
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Fig. 3. Timeseries ofT +120 forecast AOD (440nm) in dust prone locations(a) Saada,(b) Solar Village,(c) Capo Verde and(d) La
Parguera.

Fig. 3. Time series ofT + 120 forecast AOD (440 nm) in dust-prone locations:(a) Saada,(b) Solar Village,(c) Capo Verde and(d) La
Parguera.

Indo-Gangetic Plain. The elevated AODs are not observed
over China, although satellite observations over this region
are relatively sparse. In contrast, both AER and INIT simula-
tions appear to slightly underestimate the AOD over the Indo-
Gangetic Plain compared with both AERONET (see compar-
ison at Kanpur, India in Fig.4d) and MODIS observations in
this region. The elevated AOD in CLIM can be attributed to
the inclusion of the nitrate aerosol climatology, while there
is no representation of nitrate in the prognostic aerosol simu-
lations. While anthropogenic emissions of nitrogen and am-
monia are known to be increasing in this region (Bellouin
et al., 2011; Galloway et al., 2004) and are therefore an im-
portant aerosol source, carbonaceous emissions in this region
are also likely to be underestimated (Bond et al., 2013) in the
prognostic aerosol simulations.

The AER simulations tend to underestimate the AOD over
the high latitudes in the NH. Again, this is most likely caused
by the lack of nitrate aerosol in the CLASSIC scheme, which
is an important aerosol source in industrialised areas such
as Europe and China. This bias is improved in CLIM, and
also in the INIT experiments where the main effect of the
initialisation, as already stated in Sect.2.1.3, is the addition
of aerosol in the NH.

Figure3 presents the time series of AOD from all aerosol
simulations atT + 120 at a number of selected AERONET
sites where mineral dust is the predominant aerosol species.
Figure3a and b considers the model performance at two sites
relatively close to dust sources (Saada (31◦ N, 8◦ W) and So-
lar Village (24◦ N, 46◦ E)). Capo Verde (16◦ N, 22◦ W), off

the West African coast, and La Parguera (17◦ N, 67◦ W) in
the Caribbean Islands, shown in Fig.3c and d, are sites which
frequently observe large amounts of transported dust. In dust
source locations, the prognostic model simulations capture
the temporal variation and magnitude of the dust remark-
ably well. By design, CLIM exhibits little diurnal variation
in these dry, arid regions and is therefore not able to cap-
ture the day-to-day variability and misses a number of large
dust events, notably between the 3 and 5 July. Dust trans-
port across the Atlantic Ocean also appears to be well repre-
sented in the AER and INIT simulations, particularly at La
Parguera. At Capo Verde, which is close to the major dust
source region of the Sahara Desert, the prognostic simula-
tions appear to advect too much dust from West Africa and
CLIM has a smaller overall mean bias at this location.

A similar comparison is shown in Fig.4 for regions of
predominantly anthropogenic aerosol. Over Europe, the large
urban centres of Paris (48◦ N, 2◦ E) and Rome (41◦ N, 12◦ E)
are presented and for Asia, Kanpur in India (26◦ N, 80◦ E)
and Hong Kong in China (22◦ N, 114◦ E) are shown. Over
Europe, the initialised simulations exhibit a small positive
bias (mean bias of 0.02 and 0.07 at Rome and Paris re-
spectively) while the uninitialised simulations tend to un-
derestimate the AOD by a similar magnitude (mean bias of
−0.02 and−0.03 respectively). Overall, the agreement be-
tween model and observations is good for the prognostic sim-
ulations, although a few large AOD events are missed at the
Asian sites, for example at the end of June at Kanpur and on
14 July at Hong Kong. The temporal variability of the AOD
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Fig. 4. Timeseries ofT +120 forecast AOD (440nm) in locations where anthropognenic aerosol is predominant(a) Paris,(b) Rome,(c)
Kanpur and(d) Hong Kong.

Fig. 5. Timeseries ofT +24 forecast AOD (440nm) at (a) Saada,(b) Capo Verde,(c) Rome and(d) Kanpur.

Fig. 4. Time series ofT + 120 forecast AOD (440 nm) in locations where anthropogenic aerosol is predominant:(a) Paris,(b) Rome,(c)
Kanpur and(d) Hong Kong.
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Fig. 4. Timeseries ofT +120 forecast AOD (440nm) in locations where anthropognenic aerosol is predominant(a) Paris,(b) Rome,(c)
Kanpur and(d) Hong Kong.

Fig. 5. Timeseries ofT +24 forecast AOD (440nm) at (a) Saada,(b) Capo Verde,(c) Rome and(d) Kanpur.
Fig. 5.Time series ofT + 24 forecast AOD (440 nm) at(a) Saada,(b) Capo Verde,(c) Rome and(d) Kanpur.

in CLIM, particularly at Kanpur and Paris, is due solely to
the large variations in the relative humidity in this area and
leads to large positive biases in these regions (mean bias of
0.24 and 0.12 at Kanpur and Paris respectively).

It is worth noting that the mean bias in AOD from the INIT
simulations is smaller than the bias in AER AOD at the be-
ginning of the forecast. Figure5 shows the time series of
AOD at T + 24 at Saada, Capo Verde, Rome and Kanpur
and highlights the impact of initialising the aerosol fields.
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Fig. 6. Differences in OLR between the model simulations and GERB observations from(a) CNTRL, (b) CLIM, (c) AER_DIR,
(d) AER_DIR_INDIR, (e) INIT_DIR and(f) INIT_DIR_INDIR. Contour line outlines regions where the cloud fraction exceeds 0.5.

AER gives better agreement in dust source regions such as
Saada, but away from source at Capo Verde INIT advects
less dust than AER over the Atlantic Ocean in better agree-
ment with the AERONET observations. It should be noted
that the GEMS forecasting system does not assimilate ob-
servations of AOD over bright surfaces such as the Sahara
Desert due to the limitations of the standard MODIS land
retrieval algorithm (Kaufman et al., 1997). Thus, the initial-
isation is not expected to have a positive impact in these re-
gions. At anthropogenic locations, such as Rome and Kan-
pur, while AER underestimates the AOD in most cases INIT
has a smaller bias. Overall, such good agreement with the
observations highlights the positive impact of initialising the
CLASSIC fields with GEMS assimilated data at shorter fore-
cast times.

5 Impacts on radiation

The impact of aerosol on the model radiation fields was as-
sessed by comparison against all-sky radiative flux measure-
ments derived from GERB measurements. Figure6 shows
the mean model bias in OLR at the start of the forecast over

West Africa from the 22 June to the 22 July 2009 from all
model simulations. Both model and observations have been
cloud-screened by removing values where both the obser-
vations and model report cloud amounts greater than 50 %.
However, it is likely that some residual cloud contamina-
tion remains along the edge of the 50 % contour line in
Fig. 6. As the region south of 15◦ N is predominantly cloud-
contaminated we focus our analysis to the north of this re-
gion. The impact of aerosols on the model radiation biases is
evaluated early in the forecast in order to minimise the role
of other model errors such as general circulation and temper-
ature errors.

A significant positive bias of between 20 and 40 Wm−2 is
clearly seen over northwest Africa in the CNTRL simulation
(Fig. 6a), in agreement with theHaywood et al.(2005) study
which also used the Cusack aerosol climatology. With the
inclusion of mineral dust (Fig.6b–f), the positive bias is no-
tably reduced in regions dominated by mineral dust aerosol.
CLIM (Fig. 6b) reduces the OLR by too much in the re-
gions of highest dust concentrations to the east of the Atlas
Mountains and Algeria, leading to a large negative bias. The
AER simulations (Fig.6c and d) largely remove the bias with
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Fig. 7. Reflected short-wave radiation differences at TOA between model and GERB observations from(a) CNTRL, (b) CLIM,
(c) AER_DIR, (d) AER_DIR_INDIR, (e) INIT_DIR and (f) INIT_DIR_INDIR. Areas where the cloud fraction exceeds 0.5 have been
removed from the comparison.

a residual negative bias persisting over Algeria and stretch-
ing east towards the Bodele depression where the model pro-
duces more dust than in the other aerosol simulations. In the
INIT simulations (Fig.6e and f) the improvement in the OLR
bias is smaller than in the AER simulations. This is due in
part to smaller dust loadings in the initialised simulations at
short forecast lead times.

The dust size distributions in all three aerosol represen-
tations (CLIM, AER, INIT) are also different (not shown).
This has important implications for the dust radiative forcing.
The size distribution of the dust climatology used in CLIM
peaks towards the larger size bins which subsequently gives
a larger impact in the LW spectrum. The fixed size distribu-
tion of the emitted dust in the AER simulations is based on
the observations ofD’Almeida (1987) and peaks in bin 4 (1–
3.16 µm). The INIT dust has more mass in the sub-micron
particle range following the GEMS dust size distribution and
subsequently is less radiatively efficient in the LW and more
efficiently scatters SW radiation (see Fig.7). This size dis-
tribution has been subsequently revised in the latest oper-
ational MACC forecasts. As already discussed, the impact

of the GEMS initialisation reduces with forecast lead time,
so that by day 5, the dust distribution is very similar to the
uninitialised dust distribution.

Figure7 shows the mean model bias in the reflected short-
wave radiation for the same period. The inhomogeneity of
the underlying surface albedo over North Africa leads to
a less well defined error signal, but the CNTRL simulation
has a predominantly positive bias over this region. The im-
pact of the dust can be seen in Fig.7b and c, with the CLIM
dust reducing the positive bias over northwest Africa but in-
creasing the bias over the dark ocean surface of the Mediter-
ranean Sea. Conversely, the prognostic simulations increase
the outgoing reflected SW radiation, increasing the positive
bias across North Africa.

Figure 8 presents the direct radiative impact of aerosols
on the clear-sky net TOA radiation (sign convention
used is positive downwards). The clear-sky direct ra-
diative effect is calculated as the difference between
the top of atmosphere clear-sky net radiation from
the direct only simulations with and without aerosol,
i.e. DREnet = TOAnet−(AEROSOL) − TOAnet−(CNTRL), where
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Fig. 8. Direct impact of aerosol on the clear-sky net radiation at
TOA from (a) CLIM, (b) AER DIR and(c) INIT DIR atT +120.

Fig. 8. Direct impact of aerosol on the clear-sky net radiation at
TOA from (a) CLIM, (b) AER_DIR and(c) INIT_DIR at T + 120.

AEROSOL can be from CLIM, AER_DIR or INIT_DIR sim-
ulations. Note this is not a true aerosol radiative perturba-
tion, as CNTRL still contains a basic aerosol representation.
The main direct impacts of aerosol are the reduction in OLR
over West Africa leading to a local net TOA radiative warm-
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Fig. 9. Direct and indirect impacts of aerosol on the all-sky net TOA
radiation atT +120 from AER DIR INDIR.

Fig. 9.Direct and indirect impacts of aerosol on the all-sky net TOA
radiation atT + 120 from AER_DIR_INDIR.

ing and an increase in the backscattered SW radiation due to
dust over the tropical Atlantic, biomass burning over Central
Africa, and pollution over China, leading to a localised net
TOA radiative cooling in these regions. The radiative warm-
ing seen over northern Canada and Russia is due to lower
aerosol loadings in these relatively clean-air regions com-
pared with the Cusack climatology, resulting in a reduction
in the upwelling SW at TOA in these regions. INIT_Dir ex-
erts the largest radiative perturbation with a net global mean
TOA cooling of−1.25 Wm−2.

The combined direct and indirect effect of aerosols on
the all-sky net TOA radiation is shown in Fig.9. Inclusion
of the aerosol indirect effects leads to a much larger global
mean impact than including the direct aerosol effect on its
own (see Table 2). A net TOA radiative cooling is found
over Northern and Southern Hemisphere (SH) ocean regions
where low-level stratocumulus clouds are prevalent, namely
off the West African and Chilean coastlines. A radiative cool-
ing is also found over regions influenced by anthropogenic
emissions such as the Mediterranean Sea and off the north-
east coast of USA. A significant net radiative warming of
up to 30 Wm−2 is found at high latitudes in the NH and
south of 20◦ S. These regions are typically pristine clean-
air regions, with relatively low aerosol concentrations and
correspondingly low cloud droplet number concentrations.
Figure10 shows the meanT + 120 potential cloud droplet
number concentration (CDNC) in the troposphere from the
CLIM and AER_DIR_INDIR simulations. Currently, UM
configurations which do not include the indirect effects of
aerosols assume a fixed value of CDNC of 100 cm−3 and
300 cm−3 over ocean and land surfaces respectively. Such
assumptions are gross over-simplifications of the true distri-
bution of CDNC which is closer to Fig.10b most notably in
the high-latitude regions. This subsequently leads to effec-
tively cleaner air and a reduction in low-level cloud (approxi-
mately 20 %) in these regions in the DIR_INDIR simulations
and leads to a strong radiative warming at both the TOA and
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Fig. 10. Potential cloud droplet number concentration atT +120 from (a) CLIM and (b) AER DIR INDIR.Fig. 10.Potential cloud droplet number concentration atT + 120 from(a) CLIM and (b) AER_DIR_INDIR.

Table 2. The global mean day 5 all-sky net radiative forcings
(Wm−2) from the different aerosol representations.

TOA ATM SFC

CLIM −0.30 −1.72 1.42
AER_DIR −0.87 −2.91 2.04
AER_DIR_INDIR 4.18 −2.62 6.80
INIT_DIR −1.48 −2.29 0.89
INIT_DIR_INDIR 2.26 −1.81 4.07

the surface. A number of recent studies report aerosol cloud
condensation nuclei (CCN) values in the Arctic summer to
be less than 100 cm−3 and in many cases to be as low as
1 cm−3 (Birch et al., 2012; Mauritsen et al., 2011; Bennartz,
2007; Bigg and Leck, 2001), which would support the low
values found in the current prognostic aerosol experiments.
AER_DIR_INDIR has in general smaller values of CDNC
compared with the INIT simulation, due to the latter hav-
ing higher aerosol concentrations particularly in the NH, with
the exception of lower concentrations over dust and biomass
burning regions of Africa. AER_DIR_INDIR also has low
concentrations over high-altitude locations such as the Ti-
betan Plateau (TP) and the Andes.

The impact of aerosol on the net surface radiation from
both AER simulations is shown in Fig.11. Milton et al.
(2008) highlighted large positive biases (∼ 50 Wm−2) in the
downwelling SW surface radiation over West Africa and
linked this bias to the omission of absorbing aerosol species
in the NWP model. With the inclusion of a more realistic
aerosol distribution the net SW flux at the surface is reduced
in dust regions by 20 to 30 Wm−2 (not shown). However, this
is generally offset by an enhanced downwelling LW emission
from the absorbing mineral dust. A surface radiative cooling
is seen in areas of high aerosol loading over ocean, polluted
regions over China and Korea, and in regions of increased
amounts of stratocumulus cloud in the simulations which in-
clude the indirect aerosol effects.

A significant positive warming at both the TOA and sur-
face is also found over South Asia and India, particularly
in the AER_DIR_INDIR simulation. An initial reduction in

CDNC over the TP results in a positive SW cloud forcing at
short forecast lead times. This is replaced by a positive LW
forcing at longer lead times due to the subsequent increase in
deep convective activity and associated high cloud amount
that occurs in response to the SW warming.

All global mean net radiative perturbations due to aerosols
are summarised in Table 2. A larger cooling at TOA and
smaller warming at the surface is found in INIT_DIR due
to the enhanced scattering of the incoming SW radiation in
these simulations particularly in the NH where the INIT sim-
ulations have a larger aerosol loading than AER. The TOA
and surface perturbations due to the indirect aerosol effects in
the INIT simulations have the same sign as AER simulations,
but are smaller in magnitude due to the reduced cloud sensi-
tivity in the NH in the INIT simulations. The global mean
TOA forcing is 4.18 Wm−2 in AER_DIR_INDIR compared
with 2.26 Wm−2 in INIT_DIR_INDIR. Corresponding sur-
face forcings are 6.80 and 4.07 Wm−2 respectively. The di-
rect aerosol effect leads to a cooling at the TOA and a warm-
ing at the surface, while inclusion of the indirect effects leads
to an overall warming at TOA and an even larger warming at
the surface. Overall, the prognostic aerosol simulations have
a larger impact on the net radiative fluxes than CLIM.

5.1 Evaluation against ARM measurements

Observations from the ARM site at Barrow, Alaska
(156.6◦ W, 71.3◦ N) are used to further evaluate the indi-
rect aerosol impacts on the model surface radiative bal-
ance in the NH high-latitude regions. T+24 h forecasts of
SW and LW downwelling (SWdown, LWdown) and upwelling
(SWup, LWup) radiative fluxes at the surface valid at 00Z
and 12Z are evaluated. Again the sign convention of posi-
tive for downward radiative fluxes is used. Figure12a com-
pares the SWdown radiative flux at the surface from the CN-
TRL and AER_DIR_INDIR simulations with ARM obser-
vations for the full simulation period. The CNTRL simula-
tion clearly underestimates SWdown throughout the period
with a mean bias of 63.6 Wm−2 and was also found to un-
derestimate the SWup component (not shown). The CNTRL
model overestimates the LWdown component at the surface
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Fig. 11. Radiative impact of aerosol on the net surface radiation at
T +120 from (a) AER DIR and(b) AER DIR INDIR.

Fig. 11.Radiative impact of aerosol on the net surface radiation at
T + 120 from(a) AER_DIR and(b) AER_DIR_INDIR.

(mean bias of 18.38 Wm−2) and also the emitted LWup com-
ponent. The underestimation of SWdown and overestimation
of LWdown at the surface suggests that the model is predict-
ing too much cloud in this region and is consistent withMil-
ton and Earnshaw(2007) who postulated that similar errors
found in the surface radiation balance at the same site in
boreal winter are most likely caused by an overprediction
of cloud or inadequate representation of cloud properties.
When the aerosol indirect effects are included the SWdown
bias is greatly reduced to−0.59 Wm−2 and a much im-
proved correlation with the ARM observations is found. The
improvement in the SWdown bias is found to correlate with
days when the AER_DIR_INDIR predicts less cloud than
CNTRL, as can be seen in Fig.12c. In particular, between
27 June and 4 July AER_DIR_INDIR predicts between 20
and 60 % less cloud than CNTRL with concomitant increases
in the SWdown fluxes of between 100 and 300 Wm−2, im-
proving the model bias. A smaller impact in the LWdown
component was found (see Fig.12b). The upward surface
SW bias is also improved but not totally removed with the
inclusion of the aerosol radiative effects. This is potentially
due to an inadequate representation of the surface properties
in the model such as albedo, snow cover and vegetation type.
The additional surface SW warming combined with the small
impact on the LWdown increases the surface temperature and

subsequently the LW radiative emission from the surface is
increased.

6 Impacts on meteorological fields

6.1 Verification against model analysis

Figure13presents a comparison of theT +120 mean error in
temperature, geopotential height, and relative humidity pro-
files over the NH and the tropics from 17 June to 17 July 2009
from all simulations. The model mean error is calculated
relative to each simulation’s own analysis. The large ra-
diative warming over the NH high latitudes, in response
to the inclusion of the aerosol indirect effects discussed
above, leads to an overall improvement in the mean error
of temperature and height profiles in both AER_DIR_INDIR
and INIT_DIR_INDIR simulations. The larger temperature
change found in AER_DIR_INDIR is presumably in re-
sponse to the larger change in CDNC in the uninitialised
CLASSIC aerosol simulations. A similar but smaller im-
pact is seen in the tropics. Figure14 shows the zonal mean
temperature error in the CNTRL and the AER_DIR_INDIR-
CNTRL difference. Figure14a highlights a significant cold
bias of∼ 2 K in the NH below 700 hPa in the CNTRL simu-
lation. The aerosol indirect effect acts to reduce this error by
∼ 1 K. The indirect aerosol effect also has a positive impact
on temperature errors in the SH where the mid-tropospheric
cold bias has reduced by up to∼ 0.5 K. The location of
these beneficial changes in temperature are primarily over
remote NH land regions of northern Canada and Siberia and
SH ocean regions where CDNC concentrations of 300 and
100 cm−3 are obviously too high in CNTRL. These findings
confirm that the more accurate treatment of aerosols and their
indirect effects on cloud formation in clean air regions in
global NWP leads to a more accurate simulation of the at-
mosphere.

6.2 Clouds and precipitation

We have already seen in Sect.5 that the indirect aerosol
effects leads to a large positive TOA forcing over the NH
high latitudes and a negative forcing over the subtropical and
northern Pacific and Atlantic Oceans. The regions subjected
to the largest TOA aerosol forcing are dominated by low-
level cloud as shown in Fig.15a. The impact of the direct
and indirect aerosol effects on model meanT + 120 cloud
amount is shown in Fig.15b–f. The primary impact of the
direct aerosol effect is to reduce low-level cloud amount
across the tropical Atlantic Ocean along the path of the
dust plumes being transported west from the Sahara Desert
(Fig. 15b and f). When the aerosol indirect effect is included,
the change in CDNC from the fixed values used in the DIR
and CNTRL simulations to variable CDNC diagnosed from
the CLASSIC scheme leads to an increase in low-level mar-
itime cloud over much of the NH oceans and a reduction
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Fig. 12. Time series of(a) SW downward,(b) LW downward fluxes at the surface from CNTRL, AER_DIR_INDIR and ARM surface
measurements at the North Slope of Alaska site,(c) low cloud amount from CNTRL and AER_DIR_INDIR.
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Fig. 13. Model verification of(a, d) temperature,(b, e) height and(c, f) relative humidity against analysis atT + 120 for the (top row)
Northern Hemisphere and (bottom row) the tropics from all model simulations.

in clean polar regions. Marine stratocumulus clouds off the
coasts of Namibia in Africa and Chile in South America
are increased by up to 20 % in both AER_DIR_INDIR and
INIT_DIR_INDIR simulations (Fig.15d and f) leading to
brighter clouds and a negative TOA forcing. In contrast, over
the NH and SH high latitudes the low-level cloud decreases,
most significantly over northern Canada where the low-level
cloud is reduced by up to 30 %. This leads to a reduction in
the outgoing SW at TOA and increases the solar radiation
reaching the surface. Consequently, this reduction in cloud
in both the NH and SH high latitudes leads to the improved
temperature biases in these regions discussed above.

Notable increases of∼ 10 % in high-level cloud amount
(not shown) were also found over West Africa and Southeast
Asia in AER_DIR_INDIR and INIT_DIR_INDIR. This re-
sults from a positive surface forcing exerted by the aerosols
in these regions. Over West Africa, the net positive forcing
at the surface (see Fig.11b) is due predominantly to the en-
hanced downwelling LW emission from mineral dust. Over
the Indo-China Peninsula and the TP the aerosol loading is
relatively low with an AOD (550 nm) of less than 0.2 and
0.1 in these regions respectively (see Fig.19). This leads to

large reductions in CDNC of more than 50 % relative to CN-
TRL and a subsequent large positive surface warming due
to the increased SW radiation reaching the surface at short
forecast lead times. This large radiative warming triggers ad-
ditional convective activity in these regions leading to in-
creases in high cloud amount and convective precipitation
at longer forecast lead times. Comparisons of the mean AOD
(550 nm) against a number of AERONET observations on
the Indo-China Peninsula (not shown) indicate that the unini-
tialised CLASSIC simulations underestimate the AOD in this
region, with the higher aerosol loading in INIT comparing
better with the observations. So it is likely that the large sen-
sitivities seen in this region are due to an inaccurate represen-
tation of the aerosol emissions or aerosol optical properties
in this region in the model.

Figure16presents the change in theT + 120 mean global
precipitation rate from each experiment relative to CNTRL.
The CNTRL error shown in Fig.16b and calculated us-
ing TRMM observations shows that the model overestimates
precipitation over Southeast Asia, the North Indian Ocean,
eastern parts of Africa and over much of the tropical Pacific
Ocean. The model has a negative bias over continental India
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Fig. 14. Zonal mean temperature atT +120: (a) CNTRL error and(b) AER DIR INDIR-CNTRL difference.Fig. 14.Zonal mean temperature atT + 120:(a) CNTRL error and(b) AER_DIR_INDIR-CNTRL difference.

and over the tropical North Atlantic. While the global mean
impact of the aerosol on the precipitation rate is small at
T + 120 some beneficial impacts are found. Dust and smoke
aerosol over the Sahel region exerts a semi-direct effect re-
ducing the precipitation over the region by 1–3 mmday−1 in
the DIR simulations and also acts to reduce the positive bi-
ases over Venezuela and Colombia. Precipitation is also re-
duced in the Indo-Gangetic Plain along the southern edge of
the Himalaya mountain range, an area which shows a sig-
nificant positive bias in the CNTRL simulation. With the in-
clusion of the direct and indirect effects, the trend in rainfall
change over the Sahel is not as clear between the different
aerosol simulations (a small increase is found in AER but
a decrease is found in the INIT simulation). An increase in
precipitation over the tropical North Atlantic partially offsets
the negative bias in this region. It also reduces the precipi-
tation over the Indo-Gangetic Plain and Northeast Pakistan
but notably increases the positive bias over Southeast Asia
and China. Most of the precipitation over the Indian conti-
nent in the model is in the form of convective precipitation.
The indirect aerosol effects as currently parametrised in the

MetUM interacts with the large-scale precipitation scheme
only and thus the impacts on the convective precipitation in
this region are due solely to a temperature response to the
aerosol. Inaccuracies in both the representation of precipita-
tion in the model as well as the representation of the aerosol
indirect effects will lead to unrealistic responses here.

6.3 Global circulation patterns

Figure 17 shows the mean change in mean sea level pres-
sure (MSLP) and 925 hPa wind fields atT + 120 between
the aerosol and control simulations. The CLIM simulation
enhances the heat low over Northwest Africa by up to
2 hPa, however the prognostic dust simulations have a much
smaller impact in this region. Simulations including the di-
rect aerosol effect only increase the MSLP across NH land
surfaces with the largest increase found in the INIT simula-
tions in response to the larger NH aerosol loading and sub-
sequent reduction in downwelling SW flux at the surface in
these simulations. The most notable impacts are the reduc-
tions in MSLP over the South Asian monsoon region, North
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Fig. 15. Impact of different aerosol representations on low cloud amount atT + 120:(a) mean low cloud amount from CNTRL simulation,
(b) CLIM-CNTRL, (c) AER_DIR-CNRTL,(d) AER_DIR_INDIR-CNRTL,(e) INIT_DIR-CNTRL and(f) INIT_DIR_INDIR-CNTRL.

Canada and Arctic regions in the INDIR simulations which
are co-located with the regions of significant SW warming
discussed in Sect.5. In the following section we focus on the
more notable regional impacts found over South Asia and
West Africa in the form of changes to the important circula-
tion patterns associated with the South Asian monsoon and
the African easterly jet.

6.4 Regional circulation patterns

Figure 18a shows the 850 hPa wind field over the South
Asian monsoon region from the CNTRL simulation. The bias
in the CNTRL wind field is shown in Fig.18b and high-
lights an overly strong monsoon flow over North India and
Southeast Asia. Aerosol-induced wind changes are shown in
Fig. 18c–f. The CLIM simulation was found to have a negli-
gible impact on the low-level circulation and so is not shown
here. A consistent response to the aerosol is seen in Fig.18c–
f with an induced cyclonic circulation opposing the anticy-
clonic flow over India. This response appears to be due to
the direct aerosol effect increasing the convergence over the
North Indian Ocean. Figure19 highlights the different AOD

distributions from CLIM, AER and INIT simulations in this
region. The lack of a circulation response in CLIM can be ex-
plained by the low aerosol loadings in CLIM over the North
Indian Ocean compared to the prognostic aerosol simula-
tions. The impact is strongest in the INIT simulations due to
the higher AOD over the Arabian Sea compared to the AER
simulations. Dust is the predominant aerosol species in the
model in this region and a warming of between 0.1–0.2 K is
found within the dust layer.

When the indirect aerosol effect is included the large SW
forcing induced over southeast Asia enhances the heat low
across the TP, increasing the anomalous convergent flow
around the TP, over Southeast Asia and China. The result
is an enhanced monsoon flow over the Bay of Bengal. The
impact is largest in the AER_DIR_INDIR simulations due to
the higher sensitivity to the change in CDNC in this simula-
tion (as discussed in Section6.2). The associated SW heat-
ing increases atmospheric temperatures by up to 0.5 K over
South Asia. This warming begins in the lower troposphere at
short lead times and propagates to the upper troposphere by
T + 120 due to the resultant increase in convection.
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Fig. 16.Impact of aerosol on model precipitation rate (mmday−1) atT +120:(a) TRMM observations,(b) CNTRL error,(c) CLIM-CNTRL,
(d) AER_DIR-CNRTL,(e)AER_DIR_INDIR-CNRTL,(f) INIT_DIR-CNRTL, (g) INIT_DIR_INDIR-CNRTL. Note the different scale used
in (c–g).

Figure20a shows theT +120 mean zonal wind at 600 hPa
over West Africa from the CNTRL simulation and highlights
a strong African easterly jet (AEJ) between the equator and
20◦ N, with maximum intensity between 10 and 15◦ N. The
meanT + 120 zonal wind bias, shown in Fig.20b illustrates
that the AEJ is located too far south and the maximum in-
tensity is also too strong off the West African coast. The im-
pact of the different aerosol representations on the AEJ is
shown in Fig.20b–d. Dust is the primary contributing aerosol
species over West Africa and as the indirect effects of mineral
dust are not currently included in the MetUM we present the
DIR-only simulations here in order to examine the impacts
of the direct radiative effect of mineral dust on the circula-
tion in this region. The CLIM simulation has the largest im-
pact on the AEJ, weakening both the southern and northern
flanks of the jet. The impacts are smaller in the prognostic
simulations particularly along the southern edge of the jet.
However, a small enhancement of the jet maximum is found
and a beneficial northward shift is also seen in the INIT_DIR
simulation.

Figure 21 presents the impact of aerosol on the vertical
temperature profile averaged between 15◦ W and 10◦ E with
dust and biomass burning aerosol concentrations overlaid as

contours. All simulations show a significant warming of up
to 1 K within the dust layer which is concentrated close to the
surface and highlights that most of the region north of 15◦ N
is an active dust source region in the model. The warming
is larger and more regionally extensive in the CLIM simula-
tions owing to the much higher localised dust concentrations
in the northwest of the region between 20 and 35◦ N. The
warming begins near the surface (below 900 hPa) at short
forecast lead times and propagates to above the boundary
layer byT + 120. This results in an enhanced heat low over
Northwest Africa in CLIM as well as an increase in the up-
per level convergence decreasing the strength of the AEJ
at 600 hPa. In AER_DIR, which has a smaller dust loading
than CLIM, the warming is more confined further south than
CLIM between 17 and 22◦ N. The upper level warming is
also smaller than CLIM and as a result a reduced impact on
the AEJ is found. The INIT simulations, as already discussed
in Sect.5, have a much smaller dust loading as well as a dif-
ferent size distribution to CLIM and AER. This leads to en-
hanced scattering above the dust layer and a subsequent cool-
ing. By T + 120 the impact of the aerosol initialisation has
reduced and the INIT dust more closely resembles the AER
dust distribution than the GEMS dust forecasts. However,
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Fig. 17.Impact of different aerosol representations on MSLP and 925 hPa winds atT +120:(a) CNTRL, (b) CNTRL error,(c) AER_CLIM-
CNTRL, (d) AER_DIR_INDIR-CNTRL,(e) INIT_DIR-CNRTL, (f) INIT_DIR_INDIR-CNRTL.

overall concentrations early in the forecast are much lower,
leading to a smaller warming near the surface and an ele-
vated cooling which persists through the forecast. This leads
to a smaller mean impact on the jet structure north of 15◦ N.

The impact of dust on the circulation over Africa is ex-
tremely complex and very much dependent on the altitude of
the dust layer, the dust size distribution and dust optical prop-
erties employed in the model. Elevated dust layers tend to
cool the surface below by reducing the incoming SW radia-
tion reaching the surface while warming within the dust layer
itself. This thermal dipole effect tends to stabilise the atmo-
sphere during the day and destabilise during the night-time
through LW warming (Reale et al., 2011; Lavaysse et al.,
2011). Many of these studies report a beneficial enhancement
of the jet with the inclusion of a representative dust distribu-
tion. In the simulations presented here most of the dust is
concentrated close to the surface and the thermal dipole im-
pact is not observed. Consequently the resulting impact on
the jet structure is not as large as in other studies. The sim-

ulated impact of dust on West African circulation and there-
fore on the West African monsoon is also highly dependent
on the absorption properties of the dust (Zhao et al., 2011;
Solmon et al., 2008). The Balkanski et al.(2007) dust op-
tical properties used here are less absorbing than other dust
optical properties reported in the literature and used in mod-
elling studies (seeRyder et al., 2013b; Zhao et al., 2011;
Sokolik et al., 1993). This will also reduce the dust direct
radiative effect in the present simulations. Dust optical prop-
erties vary depending on the particle size, chemical composi-
tion and distance from source (Ryder et al., 2013a). Using a
single set of dust optical properties to model the global radia-
tive impacts is therefore a known limitation in global high-
resolution dust modelling but is currently necessary given the
computational requirements of using regionally varying op-
tical properties, not to mention the uncertainties in the char-
acterisation of dust physical and optical properties.
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Fig. 18. Impact on 850hPa winds over South Asia atT + 120 (a) CNTRL wind fields, (b) CNTRL error, (c) AER DIR-CNTRL,
(d) AER DIR INDIR-CNTRL, (e) INIT DIR-CNRTL, (f) INIT DIR INDIR-CNRTL.

Fig. 18. Impact on 850 hPa winds over South Asia atT + 120: (a) CNTRL wind fields, (b) CNTRL error, (c) AER_DIR-CNTRL,
(d) AER_DIR_INDIR-CNTRL,(e) INIT_DIR-CNRTL, (f) INIT_DIR_INDIR-CNRTL.

7 Discussion

The aim of this paper is to establish the potential benefits
from increasing the aerosol complexity on global model fore-
casting skill on NWP timescales. Here we summarise our
findings and discuss the benefits gained from each level of
additional aerosol complexity.

The first level of increased aerosol complexity involves the
use of monthly mean aerosol climatologies. This is what is
currently implemented operationally in the global NWP con-
figuration of the MetUM and in the Met Office seasonal fore-
casting system, GLOSEA (Arribas et al., 2011). One of the

main attractions of using aerosol climatologies is that they
do not increase the operational running costs of the model,
a key requirement in any operational high-resolution global
forecasting system. This study shows that the climatology
gives a reasonable representation of mean aerosol loading
but is unable to capture the large temporal variation in AOD.
This is not surprising given the highly inhomogeneous nature
of aerosol distributions (tropospheric aerosols have average
lifetimes ranging from a couple of days to∼ 1 week) and
that the climatologies bear little resemblance to the driving
model’s atmospheric state. The impact of including the direct
effect from the aerosol climatologies on the model forecast
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Fig. 19. AOD at 440nm South Asia atT +120 from (a) CLIM,
(b) AER DIR INDIR-CNTRL, (c) INIT DIR INDIR, timeseries of
all simulations and AERONET observations at(d) Pantnagar and
(e)Gandhi College.

Fig. 19. AOD at 440 nm South Asia atT + 120 from(a) CLIM, (b) AER_DIR_INDIR-CNTRL, (c) INIT_DIR_INDIR, time series of all
simulations and AERONET observations at(d) Gandhi College and(e)Pantnagar.

skill is found to be generally small or neutral. The largest
impacts are found predominantly in dust-dominated regions
such as the Sahara Desert, where the large dust loading en-
hances the heat low over Northwest Africa and through the
semi-direct effect reduces cloud over tropical Atlantic. How-
ever, the comparison of model OLR against GERB observa-
tions in this study suggests that the dust climatology leads to
a significant reduction in the OLR over West Africa resulting
in a negative bias of up to 30 Wm−2. This is most likely due
to inaccuracies in the representation of mineral dust in the
climatology.

The next level of aerosol complexity involves coupling
a fully prognostic aerosol scheme to the global NWP
model. The additional tracers required by prognostic aerosol
schemes obviously lead to a substantial increase in the run-
ning costs of the model. However, this study shows how the
use of prognostic aerosol schemes in the AER and INIT sim-
ulations gives a much better temporal and spatial distribution
of the aerosol. Initialising the aerosol with GEMS assimi-

lated aerosol fields further improves aerosol forecasts partic-
ularly in complex aerosol regions such as South Asia (see
Fig. 19d and e). There are uncertainties in the aerosol emis-
sions and processes as well as the aerosol optical proper-
ties used in these simulations. For instance, nitrate aerosol
is a notable omission in the simulations carried out here.
Nitrate aerosol is also not included in the GEMS aerosol
model (Morcrette et al., 2009). Therefore, even though
the aerosol assimilation improves total AOD comparisons
against AERONET over India for example, the speciation
and subsequent aerosol optical properties used could be in
error. One key area where the initialisation does not improve
aerosol forecasts is in dust-dominated regions. This is due to
an excess of sub-micron size dust particles in the GEMS dust
scheme. Using the improved MACC aerosol forecasts in fu-
ture studies, which include a revised dust size distribution,
improved aerosol assimilation and consequently a smaller
AOD bias is expected to lead to significant improvements in
the initialised aerosol forecasts. Apart from this, the overall
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Fig. 20. Impact on 600hPa zonal wind over West Africa atT +120 (a)CNTRL U wind,(b) CNTRL error,(c)CLIM-CNTRL, (d) AER DIR-
CNTRL, (e) INIT DIR-CNRTL.

Fig. 20.Impact on 600 hPa zonal wind over West Africa atT +120:(a) CNTRL U wind,(b) CNTRL error,(c) CLIM-CNTRL, (d) AER_DIR-
CNTRL, (e) INIT_DIR-CNTRL.

success of the initialised simulations highlights the skill of
the GEMS and subsequent MACC assimilated aerosol fore-
casts. Overall, this increased level of aerosol complexity has
an important benefit as it enables the development of a global
environmental prediction capability. The potential use of the
global NWP configuration of the MetUM to predict signif-
icant aerosol events such as large dust storms, volcanic ash
events and an increasing number of wild fire episodes would

be extremely important due to the high impact these events
have on daily lives and health of the general public. Opera-
tional dust forecasts are now available from the operational
global NWP configuration of the MetUM at a 25 km resolu-
tion. These dust forecasts use a simplified two-bin version of
theWoodward(2001) scheme and include a 4D-Var data as-
similation of dust AOD derived from MODIS observations.
They are used routinely for military planning purposes and
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Fig. 21.Zonal cross-section ofT +120 mean temperature averaged between 15◦ W and 10◦ E: (a) CNTRL temperature,(b) CLIM-CNTRL,
(c) AER DIR INDIR-CNTRL, (d) INIT DIR INDIR-CNRTL. Dust concentrations are shown in solid contour lines with intervals of0.2×

10−6 kgm−3, Biomass burning concentration are shown in dashed contour line with contour interval of0.002×10−6 kgm−3.

Fig. 21.Zonal cross-section ofT +120 mean temperature averaged between 15◦ W and 10◦ E: (a) CNTRL temperature,(b) CLIM-CNTRL,
(c) AER_DIR-CNTRL,(d) INIT_DIR-CNRTL. Dust concentrations are shown in solid contour lines with intervals of 0.2× 10−6 kgm−3.
Biomass burning concentration are shown in dashed contour line with contour interval of 0.002× 10−6 kgm−3.

are also provided daily to the World Meteorological Organi-
sation Sand and Dust Storm Warning Advisory and Assess-
ment System (WMO SDS-WAS) to provide dust forecasts
for North Africa, Europe and the Middle East. Routine eval-
uation of the operational dust forecasts against AERONET
observations as well as other operational dust models high-
lights the good skill of the Met Office dust forecasts (Ter-
radellas et al., 2013). Further extending this capability to in-
clude other aerosol species would provide additional benefits
for global environmental prediction.

In this study, the impact of including the direct effect from
prognostic aerosols on the mean forecast skill is compara-
ble to including the direct effect from the aerosol climatolo-
gies, with impacts found to be small or neutral. However,
larger regional impacts are found primarily in dust dom-
inated regions. Due to the better dust representation over
North Africa in the AER simulations compared to both the
CLIM and INIT simulations, significant beneficial improve-
ments are found in the model OLR biases over West Africa.
Indeed, the very different model responses to the different
dust representations shown in Fig.21 highlight that despite
numerous advances made in characterising the physical and
optical properties of mineral dust aerosol in a number of air-
craft and ground-based measurement campaigns (Haywood
et al., 2011, 2003a; Johnson et al., 2011) large uncertainties
still remain. Further constraining these uncertainties is key
for an accurate representation of the dust radiative impacts in
both NWP and climate models. It is also likely that the highly

variable nature of biomass burning emissions due to forest
fires will have strong regional short-term impacts on forecast
skill. The study period analysed here is outside the primary
biomass burning seasons in Amazonia and central Africa but
these impacts are being evaluated in on-going separate stud-
ies.

Inclusion of the indirect aerosol effects from the prognos-
tic aerosols have large global impacts on cloud formation and
planetary albedo. The large reduction in low cloud amounts
in high-latitude, clean-air regions improves model radiation
and temperature biases. Similar large impacts found in South
Asia are dominated by the large sensitivities to the change in
CDNC rather than due to the direct absorption by the preva-
lent haze layers in this region. The role of absorbing aerosol
in controlling the strength and variability of the South Asian
monsoon has been hypothesised in a number of studies (e.g.:
Lau et al., 2006; Ramanathan et al., 2001). The negligible
impacts found in this study could be due to either miss-
ing aerosol sources in this region or unrepresentative opti-
cal properties for these absorbing aerosol species. The opti-
cal properties of both dust and biomass burning aerosol are
based on aircraft measurements made over Africa (Balkan-
ski et al., 2007; Haywood et al., 2003b) and might not be
appropriate for this region. While investigations into these is-
sues are beyond the scope of the current work, it is clear that
a consensus on aerosol impacts on the South Asian monsoon
is far from being reached and further research is required.
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Large sensitivities to the change in CDNC from fixed val-
ues used in the current operational NWP system to values di-
agnosed from the CLASSIC aerosol scheme highlight gross
errors in the current simple representation of aerosol indirect
effects in the model. Consequently, as a first step to improv-
ing aerosol–cloud–radiation interactions in the global NWP
model, inclusion of the indirect effects from the aerosol cli-
matologies has been evaluated and implemented in the most
recent global configuration of the MetUM. One of the key
benefits of the MetUM is that the same physical model is
used from short-range NWP to climate timescale predic-
tions. Inclusion of both the direct and indirect effects from
speciated aerosol climatologies derived from the CLASSIC
scheme means that for the first time there is a consistent
treatment of aerosol processes across the Met Office con-
figuration of models from NWP to climate, an objective in
the development of a seamless prediction system in the Met
Office (Senior et al., 2010). Implementing a fully prognos-
tic aerosol scheme in the operational global NWP configura-
tion of the MetUM would even further benefit these seamless
prediction aims. Furthermore, aerosol forecasts produced us-
ing short-range high-resolution forecasting systems can be
more easily evaluated against a wide range of near-real-time
aerosol observations. Findings from such routine evaluations
would feedback into aerosol model development and lead
to improved aerosol predictions on both NWP and climate
timescales and subsequently improve our estimates of the di-
rect and indirect aerosol forcing on climate.

8 Conclusions

A number of model simulations have been conducted to
investigate the impact of increasing the aerosol complex-
ity in short-range weather forecasts using the global NWP
configuration of the Met Office Unified Model. A hierar-
chy of aerosol representations was evaluated. These included
a simple one-dimensional climatology with fixed properties
for land and ocean (CNTRL), three-dimensional monthly-
varying speciated aerosol climatologies (CLIM), fully inter-
active aerosols modelled using the CLASSIC aerosol scheme
(AER) and finally initialised aerosol simulations using as-
similated aerosol fields from the GEMS aerosol forecasting
system (INIT). Both direct and indirect radiative effects were
evaluated and the impact of each aerosol representation on
the NWP model performance was assessed.

Forecasts of AOD from all aerosol simulations were com-
pared against ground-based AERONET and satellite obser-
vations. The prognostic aerosol simulations demonstrated
a significant improvement in skill compared with CLIM in
predicting the spatial and temporal variation of AOD in the
short-range 5-day forecasts evaluated. Initialisation with the
GEMS aerosol generally resulted in a higher aerosol load-
ing in the NH except for dust source regions. The impact
of the initialisation is relatively short and the mean global

aerosol loading falls back to that of the model’s own clima-
tology byT +120 h of the forecast. The good predictive skill
of the aerosol forecasts produced using the CLASSIC aerosol
scheme highlights the potential capability of this system for
the prediction of high-impact aerosol events, such as large
dust storms or forest fires.

The most notable benefit of including an improved
aerosol representation and hence more realistic aerosol–
cloud–radiation interactions is the improvement in the ra-
diation budget of the model. A significant improvement in
model OLR biases over the desert regions of West Africa are
found when mineral dust aerosol is included in the model.
Due to the different mineral dust loadings and size distribu-
tions used in the different aerosol simulations the response
to the direct radiative effect of dust correspondingly varies
and the AER simulation gives the best improvement in model
OLR bias. Evaluation of the impact on the SW radiation at
TOA is more difficult due to the heterogeneity of the under-
lying surface, but dust generally increases the reflected SW
radiation at TOA leading to a slight degradation in the ex-
isting SW bias at TOA. The indirect aerosol effect leads to
a net TOA cooling in regions where low-level marine cloud
has increased, particularly in the stratocumulus regions off
the west coast of Africa and South America. A significant
warming is found at high latitudes in the NH and to a smaller
extent over open ocean regions in the SH. This is caused by
sensitivities to the first indirect aerosol effect with a signifi-
cant reduction in CDNC found in these regions compared to
regionally fixed values of CDNC used in the control simula-
tion. This reduction appears to be in much better agreement
with observations in clean marine air regions (Birch et al.,
2012; Bennartz, 2007) and improves the bias in the surface
SW downward radiation at the North Slope of Alaska ARM
site. The subsequent warming of the NH leads to a local im-
provement of∼ 1 K in the NH temperature cold bias during
the study period. Height biases are also improved in the NH
and tropics when the indirect aerosol effects are included in
the model. The net TOA perturbation due to including the
direct and indirect aerosol effects in the initialised simula-
tions is approximately 2 Wm−2 smaller than the correspond-
ing uninitialised experiment. This is due to the higher NH
aerosol burden and consequently slightly higher CDNC val-
ues in the INIT simulation.

Aerosol impacts on the global mean model precipitation
and circulation are found to be small in the short-range
forecasts evaluated here. However, the direct aerosol effect
reduces precipitation by 1–3 mmday−1 over the NH sub-
tropics where the model has a significant positive bias com-
pared with TRMM observations. All prognostic aerosol sim-
ulations weaken the anticyclonic flow over India. Further sig-
nificant enhancement of the low level monsoon flow over the
Indian Ocean and Bay of Bengal is found in simulations in-
cluding the indirect aerosol effect. The large cloud forcing
over the TP and Indo-China regions enhances the heat low
over the TP increasing errors in the low-level monsoon flow
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and upper-level tropical easterly jet. These findings are in-
consistent with a number of global climate model studies
(Lau et al., 2006; Ramanathan et al., 2001) and further re-
search is required to further our understanding of aerosol
properties in this complex aerosol region and their impacts
on weather and climate. Representation of aerosol indirect
effects remains one of the largest uncertainties in estimates
of aerosol forcing on climate (Lohmann et al., 2010; Quaas
et al., 2009; Lohmann and Feichter, 2005). Therefore, lack
of a coupling between aerosols and convective parametrisa-
tion in the present study could lead to inaccuracies in the
findings particularly for the tropics. Overall, the impact of
the initialised aerosol simulations on the global NWP model
performance is smaller than in the uninitialised aerosol sim-
ulations. This is primarily due to a smaller direct radiative
forcing from mineral dust and biomass burning over West
Africa and a reduced sensitivity to the first indirect effect in
clean-air regions due to the higher aerosol loading in the NH.

In a general sense, choosing an appropriate level of aerosol
complexity for operational global NWP systems should be
governed by the downstream applications and users of the
system. It is clear that increasing the complexity of aerosols
in a global NWP model to the extent of incorporating
a fully interactive prognostic aerosol scheme has large bene-
fits for developing a global environmental prediction capabil-
ity within the Met Office. Furthermore, it enables a seamless
treatment of aerosols across the Met Office configuration of
models from high-resolution short-range NWP forecasts to
long-range climate predictions. While impacts on the global
mean skill of the forecast are small, aerosol impacts on these
timescales are likely to be limited by the sophisticated data
assimilation systems used in NWP systems. However, large
regional benefits in radiation and temperature forecasts high-
light for the first time the importance of including a realistic
treatment of aerosol–cloud interactions in global NWP mod-
els.

Acknowledgements.This study was funded by the European Com-
mission under the EU Seventh Research Framework Programme
(grant agreement No. 218793, MACC). The authors would like
to thank the following people and projects for providing data and
assistance for this study: Angela Benedetti, Jean-Jacques Morcrette
and Miha Razinger at the ECMWF for assistance with the GEMS
forecast data; the AERONET project at the NASA/GSFC for pro-
viding the ground-based AOD data, the NASA GIOVANNI project
for providing MISR data; Yaswant Pradhan at the Met Office for
generating the MODIS merged AOD products using the Level
1 and Atmosphere Archive and Distribution System (LAADS);
Richard Allan at the University of Reading for providing GERB
data.

Edited by: R. Engelen

References

Ackerman, T. P. and Stokes, G. M.: The Atmospheric Radiation
Measurement Program, Phys. Today, 56, 38–44, 2003.

Allan, R. P., Slingo, A., Milton, S. F., and Brooks, M. E.: Evalua-
tion of the Met Office global forecast model using Geostationary
Earth Radiation Budget (GERB) data, Q. J. Roy. Meteorol. Soc.,
133, 1993–2010, 2007.

Allan, R. P., Woodage, M. J., Milton, S. F., Brooks, M. E., and Hay-
wood, J. M.: Examination of long-wave radiative bias in general
circulation models over North Africa during May–July, Q. J. Roy.
Meteorol. Soc., 137, 1179–1192, doi:10.1002/qj.717, 2011.

Arribas, A., Glover, M., Maidens, A., Peterson, K., Gordan,
M., MacLachlan, C., Graham, R., Fereday, D., Camp, J.,
Scaife, A. A., Xavier, P., McLean, P., Colman, A., and
Cusack, S.: The GloSea4 ensemble prediction system for
seasonal forecasting, Mon. Weather Rev., 139, 1891–1910,
doi:10.1175/2010MWR3615.1, 2011.

Balkanski, Y., Schulz, M., Claquin, T., and Guibert, S.: Reevalua-
tion of mineral aerosol forcings suggests a better agreement with
satellite and AERONET data, Atmos. Chem. Phys., 7, 81–95,
doi:10.5194/acp-7-81-2007, 2007.

Bellouin, N., Rae, J., Jones, A., Johnson, C., Haywood, J., and
Boucher., O.: Aerosol forcing in the Climate Model Intercom-
parison Project CMIP5 simulations by HadGEM2-ES and the
role of ammonium nitrate, J. Geophys. Res., 116, D20206,
doi:10.1029/2011JD016074, 2011.

Benedetti, A., Morcrette, J. J., Boucher, O., Dethof, A., Engelen,
R. J., Fisher, M., Flentje, H., Huneeus, N., Jones, L., Kaiser,
J. W., Kinne, S., Mangold, A., Razinger, M., Simmons, A. J.,
and Suttie, M.: Aerosol analysis and forecast in the European
Centre for Medium-Range Weather Forecasts integrated forecast
system: 2. data assimilation., J. Geophys. Res., 114, D13205,
doi:10.1029/2008JD011115, 2009.

Bennartz, R.: Global assessment of marine boundary layer cloud
droplet number concentration from satellite, J. Geophys. Res.,
112, D02201, doi:10.1029/2006JD007547, 2007.

Best, M. J. and Maisey, P. E.: A physically based soil moisture nudg-
ing scheme, Tech. Rep. 35, Hadley Centre, Met Office, Brack-
nell, UK, 2002.

Bigg, E. K. and Leck, C.: Cloud-active particles over the central
Arctic Ocean, J. Geophys. Res., 106, 32155–32166, 2001.

Birch, C. E., Brooks, I. M., Tjernstrom, M., Milton, S. F., Shupe,
M. D., Mauritsen, T., Sedlar, J., Lock, A. P., Earnshaw, P.,
Leck, C., and Persson, P. O. G.: Modelling the atmospheric
structure, cloud and their response to CCN in the central Arc-
tic: ASCOS case studies, Atmos. Chem. Phys., 12, 3419–3435,
doi:10.5194/acp-12-3419-2012, 2012.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen,
T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Kärcher, B.,
Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C.,
Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., Zhang,
S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson,
M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz,
J. P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender,
C. S.: Bounding the role of black carbon in the climate sys-
tem: A scientific assessment, J. Geophys. Res., 118, 5380–5552,
doi:10.1002/jgrd.50171, 2013.

Brown, A. R., Beare, R. J., Edwards, J. M., Lock, A. P., Keogh, S. J.,
Milton, S. F., and Walters, D. N.: Upgrades to the boundary-layer

Atmos. Chem. Phys., 14, 4749–4778, 2014 www.atmos-chem-phys.net/14/4749/2014/

http://dx.doi.org/10.1002/qj.717
http://dx.doi.org/10.1175/2010MWR3615.1
http://dx.doi.org/10.5194/acp-7-81-2007
http://dx.doi.org/10.1029/2011JD016074
http://dx.doi.org/10.1029/2008JD011115
http://dx.doi.org/10.1029/2006JD007547
http://dx.doi.org/10.5194/acp-12-3419-2012
http://dx.doi.org/10.1002/jgrd.50171


J. P. Mulcahy et al.: Aerosol impacts in a global NWP model 4775

scheme in the Met Office numerical weather prediction model,
Bound.-Lay. Meteorol., 128, 117–132, 2008.

Colarco, P., da Silva, A., Chin, M., and Diehl, T.: Online simulations
of global aerosol distributions in the NASA GEOS-4 model and
comparison to satellite and ground-based aerosol optical depth, J.
Geophys. Res., 115, D14207, doi:10.1029/2009JD012820, 2010.

Cox, P. M., Betts, R. A., Bunton, C. B., Essery, R., Rowntree, P. R.,
, and Smith, J.: The impact of new land surface physics on the
GCM simulation of climate and climate sensitivity, Clim. Dy-
nam., 15, 183–203, 1999.

Cullen, M. J. P.: The unified forecast/climate model, Meteorol.
Mag., 122, 81–94, 1993.

Cusack, S., Slingo, A., Edwards, J., and Wild, M.: The radiative
impact of a simple aerosol climatology on the Hadley Centre cli-
mate model, Q. J. Roy. Meteorol. Soc., 124, 2517–2526, 1998.

D’Almeida, G.: On the variability of desert aerosol radiative char-
acteristics., J. Geophys. Res., 92, 3017–3026, 1987.

Davies, T., Cullen, M. J. P., Malcolm, A. J., Mawson, M. H., Stan-
iforth, A., White, A. A., and Wood, N.: A new dynamical core
for the Met Office’s global and regional modelling of the atmo-
sphere, Quart. J. Roy. Meteorol. Soc., 131, 1759–1782, 2005.

Derwent, R., Collins, W. J., Jenkin, M. E., Johnson, C. E., and
Stevenson, D. S.: The global distribution of secondary particulate
matter in a 3D Lagrangian chemistry transport model, J. Atmos.
Chem., 44, 57–95, 2003.

Diehl, T., Heil, A., Chin, M., Pan, X., Streets, D., Schultz, M.,
and Kinne, S.: Anthropogenic, biomass burning, and volcanic
emissions of black carbon, organic carbon, and SO2 from 1980
to 2010 for hindcast model experiments, Atmos. Chem. Phys.
Discuss., 12, 24895–24954, doi:10.5194/acpd-12-24895-2012,
2012.

Diner, D., Beckert, J., Reilly, T., Bruegge, C. J., Conel, J. E.,
Kahn, R., Martonchik, J. V., Ackerman, T. P., Davies, R., Ger-
stl, S. A. W., Gordon, H. R., Muller, J.-P., Myneni, R. B., Sell-
ers, P. J., Pinty, B., and Verstraete, M. M.: Multi-angle Imag-
ing SpectroRadiometer MISR instrument description and exper-
iment overview, IEEE Trans. Geosci. Remote Sens., 36, 1072–
1087, doi:10.1109/36.700992, 1998.

Donlon, C. J., Martin, M., Stark, J. D., Roberts-Jones, J., Fiedler,
E., and Wimmer, W.: The Operational Sea Surface Temperature
and Sea Ice Analysis (OSTIA) system, Remote Sens. Environ.,
116, 140–158, doi:10.1016/j.rse.2010.10.017, 2012.

Edwards, J. M. and Slingo, A.: Studies with a flexible new ra-
diation code, part 1: Choosing a configuration for a large-
scale model, Q. J. Roy. Meteorol. Soc., 122, 689–719,
doi:10.1002/qj.49712253107, 1996.

Fitzgerald, J. W.: Approximation formulas for the equilibrium size
of an aerosol particle as a function of its dry size and composition
and the ambient relative humidity, J. Appl. Meteorol., 14, 1044–
1049, 1975.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Dorland, R. V.:
Changes in atmospheric constituents and in radiative forcing, in:
Climate Change 2007: The Physical Science Basis, Contribution
of Working Group I to the Fourth Assessment Report of the In-
tergovernmental Panel on Climate Change, edited by: Solomon,
S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B.,

Tignor, M., and Miller, H. L., Cambridge Univ. Press, UK and
New York, 2007.

Galloway, J. N., Dentener, F. J., Capone, D., Boyer, E., Howarth, R.,
Seitzinger, S., Asner, G., Cleveland, C., Green, P., Holland, E.,
Karl, D., Michaels, A., Porter, J., Townsend, A., and Vorosmarty,
C.: Nitrogen cycles: past, present, and future, Biogeochemistry,
70, 153–226, 2004.

Ghan, S., Laulainen, N., Easter, R., Wagener, R., Nemesure, S.,
Chapman, E., Zhang, Y., and Leung, R.: Evaluation of aerosol di-
rect radiative forcing in MIRAGE, J. Geophys. Res., 106, 5295–
5316, 2001.

Gregory, D. and Allen, S.: The effect of convective downdraughts
upon NWP and climate simulations, in: Nineth conference on
numerical weather prediction, Denver, Colorado, 122–123, 1991.

Gregory, D. and Rowntree, P. R.: A massflux convection scheme
with representation of cloud ensemble characteristics and sta-
bility dependent closure, Mon. Weather Rev., 118, 1483–1506,
1990.

Grell, G. and Baklanov, A.: Integrated modeling for fore-
casting weather and air quality: A call for fully cou-
pled approaches, Atmos. Environ., 45, 6845–6851,
doi:10.1016/j.atmosenv.2011.01.017, 2011.

Grell, G., Freitas, S. R., Steufer, M., and Fast, J.: Inclusion of
biomass burning in WRF-CHEM: impact of wildfires on weather
forecasts, Atmos. Chem. Phys., 11, 5289–5303, doi:10.5194/acp-
11-5289-2011, 2011.

Harries, J. E., Russell, J., Hanafin, J., Brindley, H., Futyan, J., Ru-
fus, J., Kellock, S., Matthews, G., Wrigley, R., Last, A., Mueller,
J., Mossavati, R., Ashmall, J., Sawyer, E., Parker, D., Caldwell,
M., Allan, P., Smith, A., Bates, M., Coan, B., Stewart, B., Lep-
ine, D., Cornwall, L., Corney, D., Ricketts, M., Drummond, D.,
Smart, D., Cutler, R., Dewitte, S., Clerbaux, N., Gonzalez, L.,
Ipe, A., Bertrand, C., Joukoff, A., Crommelynck, D., Nelms, N.,
Llewellyn-Jones, D., Smith, G. B. G., Szewczyk, Z., Mlynczak,
P., Slingo, A., Allan, R., and Ringer, M.: The Geostationary Earth
Radiation Budget project, B. Am. Meteorol. Soc., 86, 945–960,
2005.

Haywood, J. M. and Boucher, O.: Estimates of the direct and indi-
rect radiative forcing due to tropospheric aerosols: A review, Rev.
Geophys., 38, 513–543, doi:10.1029/1999RG000078, 2000.

Haywood, J. M., Francis, P., Osborne, S. R., Glew, M., Loeb, N.,
Highwood, E., Tanrè, D., Myhre, G., Formenti, P., and Hirst, E.:
Radiative properties and direct radiative effect of Saharan dust
measured by the C-130 aircraft during SHADE: 1. Solar Spec-
trum, J. Geophys. Res., 108, 8577, doi:10.1029/2002JD002687,
2003a.

Haywood, J. M., Osborne, S. R., Francis, P. N., Kiel, A., Formenti,
P., Andreae, M. O., and Kaye, P. H.: The mean physical and
optical properties of regional haze dominated by biomass burn-
ing aerosol measured from the C-130 aircraft during SAFARI
2000, J. Geophys. Res., 108, 8473, doi:10.1029/2002JD002226,
2003b.

Haywood, J. M., Allan, R. P., Culverwell, I., Slingo, T., Mil-
ton, S., Edwards, J., and Clerbaux, N.: Can desert dust
explain the outgoing longwave radiation anomaly over the
Sahara during July 2003, J. Geophys. Res., 110, D05105,
doi:10.1029/2004JD005232, 2005.

Haywood, J. M., Johnson, B. T., Osborne, S., Baran, A. J., Brooks,
M., Milton, S. F., Mulcahy, J., Walters, D., Allan, R. P., Klaver,

www.atmos-chem-phys.net/14/4749/2014/ Atmos. Chem. Phys., 14, 4749–4778, 2014

http://dx.doi.org/10.1029/2009JD012820
http://dx.doi.org/10.5194/acpd-12-24895-2012
http://dx.doi.org/10.1109/36.700992
http://dx.doi.org/10.1016/j.rse.2010.10.017
http://dx.doi.org/10.1002/qj.49712253107
http://dx.doi.org/10.1016/j.atmosenv.2011.01.017
http://dx.doi.org/10.5194/acp-11-5289-2011
http://dx.doi.org/10.5194/acp-11-5289-2011
http://dx.doi.org/10.1029/1999RG000078
http://dx.doi.org/10.1029/2002JD002687
http://dx.doi.org/10.1029/2002JD002226
http://dx.doi.org/10.1029/2004JD005232


4776 J. P. Mulcahy et al.: Aerosol impacts in a global NWP model

A., Formenti, P., Brindley, H. E., Christopher, S., and Gupta, P. J.:
Motivation, rationale and key results from the GERBILS Saha-
ran dust measurement campaign, Q. J. Roy. Meteorol. Soc., 137,
1106–1116, doi:10.1002/qj.797, 2011.

Heinhold, B., Tegen, I., Schepanski, K., and Hellmuth, O.:
Dust radiative feedback on Saharan boundary layer dynam-
ics and dust mobilization, Geophys. Res. Lett, 35, L20817,
doi:10.1029/2008GL035319, 2008.

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Set-
zer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Nakajima,
T., Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET – A
federated instrument network and data archive for aerosol char-
acterization, Remote Sens. Environ., 66, 1–16, 1998.

Holben, B. N., Tanre, D., Smirnov, A., Eck, T. F., Slutsker, I.,
Abuhassan, N., Newcomb, W. W., Schafer, J., Chatenet, B., Lav-
enue, F., Kaufman, Y. J., Castle, J. V., Setzer, A., Markham, B.,
Clark, D., Frouin, R., Halthore, R., Karnieli, A., O’Neill, N. T.,
Pietras, C., Pinker, R. T., Voss, K., and Zibordi, G.: An emerging
ground-based aerosol climatology: Aerosol Optical Depth from
AERONET, J. Geophys. Res., 106, 12067–12097, 2001.

Hollingsworth, A., Engelen, R. J., Benedetti, A., Dethof, A., Flem-
ming, J., Kaiser, J. W., Morcrette, J.-J., Simmons, A. J., Textor,
C., Boucher, O., Chevallier, F., Rayner, P., Elbern, H., Eskes, H.,
Granier, C., Peuch, V.-H., Rouill, L., and Schultz, M. G.: Toward
a Monitoring and Forecasting System For Atmospheric Compo-
sition: The GEMS Project, B. Am. Meteorol. Soc., 89, 1147–
1164, 2008.

Houghton, J. T., Filho, L. G. M., Callander, B. A., Harris, N., Kat-
tenberg, A., and Maskell, K., eds.: Intergovernmental Panel on
Climate Change, Climate Change 1995: The Science of Climate
Change, The Contribution of Working Group I to the Second As-
sessment Report of the IPCC, Cambridge Univ. Press, New York,
1996.

Hsu, N. C., Tsay, S. C., King, M. D., and Herman, J. R.: Aerosol
Properties over Bright-Reflecting Source Regions, IEEE Trans.
Geosci. Remote Sens., 42, 557–569, 2004.

Huffman, G. J., Adler, R. F., Morrissey, M. M., Bolvin, D. T., Curtis,
S., Joyce, R., McGavock, B., and Susskind, J.: Global Precipita-
tion at One-Degree Daily Resolution from Multisatellite Obser-
vations, J. Hydrometeor, 2, 36–50, 2001.

Johnson, B. T., Brooks, M. E., Walters, D., Woodward, S., Christo-
pher, S., and Schepanski, K.: Assessment of the Met Office dust
forecast model using observations from the GERBILS campaign,
Q. J. Roy. Meteorol. Soc., 137, 1131–1148, doi:10.1002/qj.736,
2011.

Jones, A., Roberts, D. L., Woodage, M. L., and Johnson, C. E.: In-
direct sulphate forcing in a climate model with an interactive sul-
phur cycle, J. Geophys. Res., 106, 20293–20310, 2001.

Kaufman, Y. J., Tanre, D., Remer, L. A., Vermote, E. F., Chu, A.,
and Holben, B. N.: Operational remote sensing of tropospheric
aerosol over land from EOS moderate resolution imaging spec-
troradiometer, J. Geophys. Res., 102, 17051–17067, 1997.

Lau, K. M., Kim, M. K., and Kim, K. M.: Asian monsoon anomolies
induced by aerosol direct effects, Clim. Dynam., 26, 855–864,
doi:10.1007/s00382-006-0114-z, 2006.

Lavaysse, C., Chaboureau, J.-P., and Flamant, C.: Dust impact on
the West African head low in summertime, Q. J. Roy. Meteorol.
Soc., 137, 1227–1240, 2011.

Lock, A. P.: The numerical representation of entrainment in
parametrizations of boundary layer turbulent mixing, Mon.
Weather Rev., 129, 1148–1163, 2001.

Lock, A. P., Brown, A. R., Bush, M. R., Martin, G. M., and Smith,
R. N. B.: A new boundary layer mixing scheme. Part I: Scheme
description and single-column model tests, Mon. Weather Rev.,
128, 3187–3199, 2000.

Lohmann, U. and Feichter, J.: Global indirect aerosol effects: A re-
view, Atmos. Chem. Phys., 5, 715–737, doi:10.5194/acp-5-715-
2005, 2005.

Lohmann, U., Rotstayn, L., Storelvmo, T., Jones, A., Menon, S.,
Quaas, J., Ekman, A. M. L., Koch, D., and Ruedy, R.: Total
aerosol effect: radiative forcing or radiative flux perturbation?,
Atmos. Chem. Phys., 10, 3235–3246, doi:doi:10.5194/acp-10-
3235-2010, 2010.

Mangold, A., Backer, H. D., de Paepe, B., Dewitte, S., Chiapello,
I., Derimian, Y., Kacenelenbogen, M., Leon, J. F., Huneeus,
N., Schulz, M., Ceburnis, D., O’Dowd, C., Flentje, H., Kinne,
S., Benedetti, A., Morcrette, J. J., and Boucher, O.: Aerosol
analysis and forecast in the European Centre for Medium-
Range Weather Forecasts integrated forecast system: 3. Evalu-
ation by means of case studies, J. Geophys. Res., 116, D03302,
doi:10.1029/2010JD014864, 2011.

Martin, G. M., Bellouin, N., Collins, W. J., Culverwell, I. D., Hallo-
ran, P. R., Hardiman, S. C., Hinton, T. J., Jones, C. D., McDon-
ald, R. E., McLaren, A. J., O’Connor, F. M., Roberts, M. J., Ro-
driguez, J. M., Woodward, S., Best, M. J., Brooks, M. E., Brown,
A. R., Butchart, N., Dearden, C., Derbyshire, S. H., Dharssi, I.,
Doutriaux-Boucher, M., Edwards, J. M., Falloon, P. D., Gedney,
N., Gray, L. J., Hewitt, T. H., Hobson, M., Huddleston, M. R.,
Hughes, J., Ineson, S., Ingram, W. J., James, P. M., Johns, T. C.,
Johnson, C. E., Jones, A., Jones, C. P., Joshi, M. M., Keen, A. B.,
Liddicoat, S., Lock, A. P., Maidens, A. V., Manners, J. C., Mil-
ton, S. F., Rae, J. G. L., Ridley, J. K., Sellar, A., Senior, C. A.,
Totterdell, I. J., Verhoef, A., Vidale, P. L., and Wiltshire, A.: The
HadGEM2 family of Met Office Unified Model Climate config-
urations, Geosci. Model Dev., 4, 723–757, doi:10.5194/gmd-4-
723-2011, 2011.

Martonchik, J. V., Diner, D. J., Kahn, R. A., Ackerman, T. P., Ver-
straete, M. M., Pinty, B., and Gordon, H. R.: Techniques for the
retrieval of aerosol properties over land and ocean using multian-
gle imaging, IEEE Trans. Geosci. Remote Sens., 36, 1212–1227,
1998.

Mauritsen, T., Sedlar, J., Tjernstrom, M., Leck, C., Martin, M.,
Shupe, M., Sjogren, S., Sierau, B., Persson, P. O. G., Brooks,
I. M., and Swietlicki, E.: An Arctic CCN-limited cloud-aerosol
regime, Atmos. Chem. Phys., 11, 165–173, doi:10.5194/acp-11-
165-2011, 2011.

Milton, S. F. and Earnshaw, P.: Evaluation of surface water and en-
ergy cycles in the Met Office global NWP model using CEOP
data, J. Meteorol. Soc. Jpn., 85A, 43–72, 2007.

Milton, S. F., Greed, G., Brooks, M. E., Haywood, J., Johnson,
B., Allan, R. P., Slingo, A., and Grey, W. M. F.: Modeled
and observed atmospheric radiation balance during the West
African dry season: Role of mineral dust, biomass burning
aerosol, and surface albedo, J. Geophys. Res., 113, D00C02,
doi:10.1029/2007JD009741, 2008.

Morcrette, J.-J., Boucher, O., Jones, L., Salmond, D., Bechtold, P.,
Beljaars, A., Benedetti, A., Bonet, A., Kaiser, J. W., Razinger,

Atmos. Chem. Phys., 14, 4749–4778, 2014 www.atmos-chem-phys.net/14/4749/2014/

http://dx.doi.org/10.1002/qj.797
http://dx.doi.org/10.1029/2008GL035319
http://dx.doi.org/10.1002/qj.736
http://dx.doi.org/10.1007/s00382-006-0114-z
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/doi:10.5194/acp-10-3235-2010
http://dx.doi.org/doi:10.5194/acp-10-3235-2010
http://dx.doi.org/10.1029/2010JD014864
http://dx.doi.org/10.5194/gmd-4-723-2011
http://dx.doi.org/10.5194/gmd-4-723-2011
http://dx.doi.org/10.5194/acp-11-165-2011
http://dx.doi.org/10.5194/acp-11-165-2011
http://dx.doi.org/10.1029/2007JD009741


J. P. Mulcahy et al.: Aerosol impacts in a global NWP model 4777

M., Schulz, M., Serrar, S., Simmons, A. J., Sofiev, M., Suttie, M.,
Tompkins, A. M., and Untch, A.: Aerosol analysis and forecast in
the European Centre for Medium-Range Weather Forecasts In-
tegrated Forecast System: Forward modeling, J. Geophys. Res.,
114, D06206, doi:10.1029/2008JD011235, 2009.

O’Dowd, C. D., Smith, M. H., Consterdine, I. E., and Lowe, J. A.:
Marine Aerosol, Sea-Salt, And The Marine Sulphur Cycle: A
Short Review, Atmos. Environ., 31, 73–80, 1997.

Perez, C., Nickovic, S., Pejanovic, G., Baldasano, J. M., and
Ozsoy, E.: Interactive dust-radiation modeling: A step to im-
prove weather forecasts, J. Geophys. Res., 111, D16206,
doi:10.1029/2005JD006717, 2006.

Prospero, J. M.: Long-term measurements of the transport of
African mineral dust to the southeastern United States: Impli-
cations for regional air quality, J. Geophys. Res., 104, 15917–
15927, doi:10.1029/1999JD900072, 2001.

Prospero, J. M., Olmez, I., and Ames, M.: Al and Fe in PM
2.5 and PM 10 Suspended Particles in South-Central Florida:
The Impact of the Long Range Transpo rt of African Min-
eral Dust, Water, Air, and Soil Pollution, 125, 291–317,
doi:10.1023/A:1005277214288, 2001.

Prospero, J. M., Blades, E., Mathison, G., and Naidu, R.: In-
terhemispheric transport of viable fungi and bacteria from
Africa to the Caribbean with soil dust, Aerobiologia, 21, 119,
doi:10.1007/s10453-004-5872-7, 2005.

Quaas, J., Ming, Y., Menon, S., Takemura, T., Wang, M., Penner,
J. E., Gettelman, A., Lohmann, U., Bellouin, N., Boucher, O.,
Sayer, A. M., Thomas, G. E., McComiskey, A., Feingold, G.,
Hoose, C., Kristjánsson, J. E., Liu, X., Balkanski, Y., Donner,
L. J., Ginoux, P. A., Stier, P., Grandey, B., Feichter, J., Sednev,
I., Bauer, S. E., Koch, D., Grainger, R. G., Kirkevag, A., Iversen,
T., Seland, O., Easter, R., Ghan, S. J., Rasch, P. J., Morrison, H.,
Lamarque, J.-F., Iacono, M. J., Kinne, S., and M. Schulz, M.:
Aerosol indirect effects – general circulation model intercom-
parison and evaluation with satellite data, Atmos. Chem. Phys.,
9, 8697–8717, doi:10.5194/acp-9-8697-2009, 2009.

Ramanathan, V., Crutzen, P. J., Lelieveld, J., Mitra, A. P., Althausen,
D., Anderson, J., Andreae, M. O., Cantrell, W., Cass, G. R.,
Chung, C. E., Clarke, A. D., Coakley, J. A., Collins, W. D.,
Conant, W. C., Dulac, F., Heintzenberg, J., Heymsfield, A. J.,
Holben, B., Howell, S., Hudson, J., Jayaraman, A., Kiehl, J. T.,
Krishnamurti, T. N., Lubin, D., McFarquhar, G., Novakov, T.,
Ogren, J. A., Podgorny, I. A., Prather, K., Priestley, K., Prospero,
J. M., Quinn, P. K., Rajeev, K., Rasch, P., Rupert, S., Sadourny,
R., Satheesh, S. K., Shaw, G. E., Sheridan, P., and Valero, F. P. J.:
Indian Ocean Experiment: An integrated analysis of the climate
forcing and effects of the great Indo-Asian haze, J. Geophys.
Res., 106, 28371–28398, doi:10.1029/2001JD900133, 2001.

Rawlins, R., Ballard, S., Bovis, K., Clayton, A., Li, D., Inverar-
ity, G., Lorenc, A., and Payne, T.: The Met Office global four-
dimensional variational data assimilation scheme, Q. J. Roy. Me-
teorol. Soc., 133, 347–362, doi:10.1002/qj.32, 2007.

Reale, O., Lau, K. M., and Silva, A. D.: Impact of interactive aerosol
on the African Easterly Jet in the NASA GEOS-5 global fore-
casting system, Wea. Forecast., 26, 504–519, doi:10.1175/WAF-
D-10-05025.1, 2011.

Reddy, M. S., Boucher, O., Bellouin, N., Schulz, M., Balkan-
ski, Y., Dufresne, J. L., and Pham, M.: Estimates of global
multicomponent aerosol optical depth and the direct radia-

tive perturbation in the Laboratoire de Météorologie Dynamic
general circulation model, J. Geophys. Res., 110, D10S16,
doi:10.1029/2004JD004757, 2005.

Remer, L. A., Kaufman, Y. J., Tanré, D., Mattoo, S., Chu, D. A.,
Martins, J. V., Li, R. R., Ichoku, C., Levy, R. C., Kleidman, R. G.,
Eck, T. F., Vermote, E., and Holben, B. N.: The MODIS Aerosol
Algorithm, Products, and Validation, J. Atmos. Sciences, 62,
947–973, doi:10.1175/JAS3385.1, 2005.

Rodwell, M. J. and Jung, T.: Understanding the local and global
impacts of model physics changes: an aerosol example, Q.J.R.
Meteorol. Soc., 134, 1479–1497, doi:10.1002/qj.298, 2008.

Rosenfeld, D.: Suppression of rain and snow by urban and industrial
air pollution, Science, 287, 1793–1796, 2000.

Ryder, C. L., Highwood, E. J., Lai, T. M., Sodemann, H., and Mar-
sham, J. H.: Impact of atmospheric transport on the evolution of
microphysical and optical properties of Saharan dust, Geophys.
Res. Lett., 2433–2438, doi:10.1002/grl.50482, 2013a.

Ryder, C. L., Highwood, E. J., Rosenberg, P. D., Trembath, J.,
Brooke, J. K., Bart, M., Dean, A., Crosier, J., Dorsey, J., Brind-
ley, H., Banks, J., Marsham, J. H., McQuaid, J. B., Sodemann, H.,
and Washington, R.: Optical properties of Saharan dust aerosol
and contribution from the coarse mode as measured during the
Fennec 2011 aircraft campaign, Atmos. Chem. Phys., 303–325,
doi:10.5194/acp-13-303-2013, 2013b.

Schmetz, J., Pili, P., Tjemkes, S., Just, D., Kerkmann, J., Rota, S.,
and Ratier, A.: An introduction to Meteosat Second Generation
(MSG), B. Am. Meteorol. Soc., 83, 977–992, 2002.

Seinfeld, J. H. and Pandis, S. N., eds.: Atmospheric Chemistry and
Physics: From Air Pollution To Climate Change, John Wiley and
Sons, New Jersey, 902–906, 2006.

Senior, C. A., Arribas, A., Brown, A., Cullen, M., Johns, T., Mar-
tin, G., Milton, S., Webster, S., and Williams, K.: Synergies be-
tween numerical weather prediction and general circulation cli-
mate models, in: The development of atmospheric general cir-
culation models: complexity, synthesis, and computation, edited
by: Donner, L., Somerville, R., and Schubert, W., Cambridge
University Press, Cambridge, UK, 76–116, 2010.

Sokolik, I. N., Androvna, A., and Johnson, T. C.: Complex refrac-
tive index of atmospheric dust aerosols, Atmos. Environ., 27A,
2495–2502, 1993.

Solmon, F., Mallet, M., Elguindi, N., Giorgi, F., Zakey, A.,
and Abdourahamane, A.: Dust aerosol impact on regional
precipitation over western Africa, mechanisms and sensitiv-
ity to absorption properties, Geophys. Res. Lett., 35, L24705,
doi:10.1029/2008GL035900, 2008.

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J.,
Ganzeveld, L., Tegen, I., Werner, M., Balkanski, Y., Schulz, M.,
Boucher, O., Minikin, A., and Petzold, A.: The aerosol-climate
model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125–1156,
doi:10.5194/acp-5-1125-2005, 2005.

Terradellas, E., Benincasa, F., and Basart, S.: WMO SDS-WAS
Operational dust forecast evaluation,http://sds-was.aemet.es/
forecast-products/forecast-evaluation(last access: 7 October
2013), 2013.

Tompkins, A. M., Cardinali, C., Morcrette, J. J., and Rod-
well, M.: Influence of aerosol climatology on forecasts of
the African Easterly Jet, Geophys. Res. Lett., 32, L10801,
doi:10.1029/2004GL022189, 2005.

www.atmos-chem-phys.net/14/4749/2014/ Atmos. Chem. Phys., 14, 4749–4778, 2014

http://dx.doi.org/10.1029/2008JD011235
http://dx.doi.org/10.1029/2005JD006717
http://dx.doi.org/10.1029/1999JD900072
http://dx.doi.org/10.1023/A:1005277214288
http://dx.doi.org/10.1007/s10453-004-5872-7
http://dx.doi.org/10.5194/acp-9-8697-2009
http://dx.doi.org/10.1029/2001JD900133
http://dx.doi.org/10.1002/qj.32
http://dx.doi.org/10.1175/WAF-D-10-05025.1
http://dx.doi.org/10.1175/WAF-D-10-05025.1
http://dx.doi.org/10.1029/2004JD004757
http://dx.doi.org/10.1175/JAS3385.1
http://dx.doi.org/10.1002/qj.298
http://dx.doi.org/10.1002/grl.50482
http://dx.doi.org/10.5194/acp-13-303-2013
http://dx.doi.org/10.1029/2008GL035900
http://dx.doi.org/10.5194/acp-5-1125-2005
http://sds-was.aemet.es/forecast-products/forecast-evaluation
http://sds-was.aemet.es/forecast-products/forecast-evaluation
http://dx.doi.org/10.1029/2004GL022189


4778 J. P. Mulcahy et al.: Aerosol impacts in a global NWP model

Tripoli, G. J. and Cotton, W. R.: A numerical investigation of sev-
eral factors contributing to the observed variable intensity of deep
convection over South Florida, J. Appl. Meteorol., 19, 1037–
1063, 1980.

Twomey, S.: The influence of pollution on the short wave albedo of
clouds, J. Atmos. Sci., 34, 1149–1152, 1977.

Wilcox, E. M., Lau, K. M., and Kim, K. M.: A northward shift of the
North Atlantic Ocean intertropical convergence zone in response
to summertime Saharan dust outbreaks, Geophys. Res. Lett., 37,
L04804, doi:10.1029/2009GL041774, 2010.

Wilson, D. R. and Ballard, S. P.: A microphysically based
precipitation scheme for the UK meteorological office uni-
fied model, Quart. J. Roy. Meteorol. Soc., 125, 1607–1636,
doi:10.1002/qj.49712555707, 1999.

Wilson, D. R., Bushell, A. C., Kerr-Munslow, A. M., Price, J. D.,
and Morcrette, C. J.: PC2: A prognostic cloud fraction and con-
densation scheme. I: Scheme description., Q. J. Roy. Meteorol.
Soc., 134, 2093–2107, 2008a.

Wilson, D. R., Bushell, A. C., Kerr-Munslow, A. M., Price, J. D.,
Morcrette, C. J., and Bodas-Salcedo, A.: PC2: A prognostic
cloud fraction and condensation scheme. II: Climate model sim-
ulations., Q. J. Roy. Meteorol. Soc., 134, 2109–2125, 2008b.

Woodward, S.: Modelling the atmospheric life cycle and radiative
impact of mineral dust in the Hadley Centre climate model, J.
Geophys. Res., 106, 18155–18166, 2001.

Woodward, S.: Mineral dust in HadGEM2, Hadley Centre Technical
Note 87, met Office Hadley Centre, Exeter, Devon, UK, 2011.

Xie, S., McCoy, R. B., Klein, S. A., Cederwall, R. T., Wiscombe,
W. J., Clothiaux, E. E., Gaustad, K. L., Golaz, J.-C., Hall, S. D.,
Jensen, M. P., Johnson, K. L., Lin, Y., Long, C. N., Mather, J. H.,
McCord, R. A., McFarlane, S. A., Palanisamy, G., Shi, Y., and
Turner, D. D.: ARM climate modeling best estimate data, BAMS,
13–20, doi:10.1175/2009BAMS2891.1, 2010.

Zender, C. S., Bain, H., and Newman, D.: Mineral dust
Entrainment and deposition (DEAD) model: Description
and 1990s dust climatology, J. Geophys. Res., 108, 4416,
doi:10.1029/2002JD002775, 2003.

Zhang, Y.: Online-coupled meteorology and chemistry models: his-
tory, current status, and outlook, Atmos. Chem. Phys., 8, 2895–
2932, doi:10.5194/acp-8-2895-2008, 2008.

Zhao, C., Liu, X., Leung, L. R., and Hagos, S.: Radiative impact
of mineral dust on monsoon precipitation variability over West
Africa, Atmos. Chem. Phys., 11, 1879–1893, doi:10.5194/acp-
11-1879-2011, 2011.

Atmos. Chem. Phys., 14, 4749–4778, 2014 www.atmos-chem-phys.net/14/4749/2014/

http://dx.doi.org/10.1029/2009GL041774
http://dx.doi.org/10.1002/qj.49712555707
http://dx.doi.org/10.1175/2009BAMS2891.1
http://dx.doi.org/10.1029/2002JD002775
http://dx.doi.org/10.5194/acp-8-2895-2008
http://dx.doi.org/10.5194/acp-11-1879-2011
http://dx.doi.org/10.5194/acp-11-1879-2011

