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Abstract. The inclusion of the direct and indirect radia- matology enhancing of the heat low over West Africa and
tive effects of aerosols in high-resolution global numeri- weakening the AEJ. This study highlights the importance of
cal weather prediction (NWP) models is being increasinglyincluding a more realistic treatment of aerosol—cloud interac-
recognised as important for the improved accuracy of shorttions in global NWP models and the potential for improved
range weather forecasts. In this study the impacts of increagglobal environmental prediction systems through the incor-
ing the aerosol complexity in the global NWP configura- poration of more complex aerosol schemes.

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 thel Introduction

CLASSIC aerosol scheme and finally, initialised aerosols us-

ing assimilated aerosol fields from the GEMS project. TheWhile the important role of aerosols in climate prediction
prognostic aerosol schemes are better able to predict thétudies has long been recognisédrster et al.2007 Hay-
temporal and spatial variation of atmospheric aerosol opti-¥00od and Boucher200Q Houghton et al. 1996 the im-

cal depth, which is particularly important in cases of large Pact of aerosol-cloud-radiation feedbacks in global numer-
sporadic aerosol events such as large dust storms or forei§al weather prediction (NWP) models is less well under-
fires. Including the direct effect of aerosols improves modelstood. Aerosol particles modify the Earth’s radiation balance
biases in outgoing long-wave radiation over West Africa duethrough the scattering and absorption of solar and infra-red
to a better representation of dust. However, uncertainties ifadiation (the direct aerosol effect). They also act as cloud
dust optical properties propagate to its direct effect and thecondensation nuclei on which cloud droplets can form. Con-
subsequent model response. Inclusion of the indirect aeros@eduently, increasing concentrations of aerosols can alter the
effects improves surface radiation biases at the North Slop&hicrophysical and optical properties of clouds (the indirect
of Alaska ARM site due to lower cloud amounts in high- aerosol effect)lfohmann and Feichte2009, such as cloud
latitude clean-air regions. This leads to improved temperaalbedo Twomey, 1977), cloud lifetimes and precipitation ef-
ture and height forecasts in this region. Impacts on the globaficiency Rosenfeld2000. Increased absorption in the long-
mean model precipitation and large-scale circulation fieldswave (LW) and short-wave (SW) spectral regions due to
were found to be generally small in the short-range forecaststhe presence of absorbing aerosol species, such as mineral
However, the indirect aerosol effect leads to a strengthendust and black carbon (BC), modifies the atmospheric heat-
ing of the low-level monsoon flow over the Arabian Sea anding profile affecting cloud cover and atmospheric stability
Bay of Bengal and an increase in precipitation over Southeast/hich can subsequently impact large-scale circulation pat-
Asia. Regional impacts on the African Easterly Jet (AEJ) arete€rns (semi-direct effects). Aerosol particles can also be haz-

also presented with the large dust loading in the aerosol cliardous to human health, severely reducing visibility and af-
fecting air quality Prospero et al200% Prosperp2001). It
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has also been proposed that mineral dust particles providaerosol) over the same region. These model biases are not
an effective medium for the efficient transport of bacteria, solely limited to the MetUM and similar biases have been
and potentially pathogens, across large regions of the globéound over Northwest Africa using an ensemble of eight dif-
(Prospero et al2005. Furthermore, dust can adversely im- ferent modelsAllan et al, 2017).
pact aviation, military operations and technology in dust- Reale et al(201]) investigate the direct impact of aerosols
prone locations. in the GEOS-5 (Goddard Earth Observing System) global
Most global climate models include increasingly com- high-resolution operational forecasting system using the GO-
plex aerosol schemes and their influences on clim@&-( CART bulk aerosol modelZolarco et al.2010. They argue
louin et al, 2011 Stier et al, 2005 Ghan et al. 2001). that standard metrics used to evaluate NWP model skill, such
In contrast, aerosols have historically been poorly repre-as the global mean 500 hPa geopotential height anomaly, are
sented in global NWP models. Most operational systems prenot suitable to assess the impact of aerosols as benefits can
scribe fixed aerosol distributions for the direct aerosol ef-often be on local scales associated with significant aerosol
fect and few, if any, incorporate the aerosol indirect effects.events such as large dust outbreaks or wild fire episodes.
This is mainly due to the additional complexity and large Grell and Baklanoy2011) advocate the use of fully coupled
computational resources required to include fully prognosticchemical and weather forecasting systems for both air qual-
aerosol schemes in global high-resolution operational foreity and weather forecasting applications, highlighting bene-
casting systems but also due to a limited understanding ofits such as improved transport of chemical species in the for-
aerosol—cloud—radiation feedbacks in short-range forecastsner and a better representation of chemical species required
NWP systems are constrained at short lead times by the datay the latter. They and other studies (e3gell et al, 2011)
assimilation of near-real-time weather observations whichshow that coupling aerosols to radiation and microphysics
implicitly include, for example, the impact of aerosols on schemes in high-resolution weather forecasting models may
atmospheric temperature profiles. It has been previously asmprove forecasts of temperature and wind during a signifi-
sumed in NWP communities that such advanced data assintant wild fire event in Alaska.
ilation systems remove the requirement of including interac- In this study we investigate the direct and indirect effects
tive aerosol schemes but this view is rapidly changing andof aerosols in the global NWP configuration of the MetUM.
the potential benefits of increasing aerosol complexity andThe aim of this paper is to determine the appropriate level
fully coupling to the meteorology in high-resolution systems of aerosol complexity required in operational NWP systems
is being advocatedZhang 2008. by evaluating a hierarchy of different aerosol representations.
On NWP timescales (5-10 daysiRodwell and Jung These aerosol representations span different levels of com-
(2008 show an improvement in forecast skill and gen- plexity ranging from a simple climatological representation
eral circulation patterns in the tropics and extra-tropics byof aerosols to fully online aerosols coupled to the model
using a monthly varying aerosol climatology rather than dynamics and radiation. The ability to accurately forecast
a fixed climatology in the European Centre for Medium- aerosol spatial and vertical distributions is of key importance
Range Weather Forecasting (ECMWF) global forecastingin any attempt to demonstrate the benefits of using online
system. Mineral dust aerosol is the largest contributor to theanteractive aerosols over an aerosol climatology. To this end
global aerosol load and therefore many NWP studies to dat¢he development of aerosol data assimilation techniques has
have focused on the radiative impact of mineral dust in thesubstantially furthered our near-real-time aerosol forecast-
major dust source regions. Dust induces a thermal dipole efing capability. The GEMS (Global and regional Earth system
fect, namely a warming within the dust layer and a cooling Monitoring using satellite and in situ data) project success-
of the surface belowReale et al.2011; Perez et a).2006. fully developed an integrated global and regional monitor-
Such thermal stratification leads to increased atmospheriing system of the key greenhouse gases, reactive gases and
stability during the day and decreased stability at night, af-aerosols lfollingsworth et al. 2008, which has been fur-
fecting the diurnal cycle of precipitation and wind speed ther developed in the follow-on project MACC (Monitoring
(Zhao et al.2011; Heinhold et al.2008. Improved represen-  Atmospheric Composition and Climate). In this study we use
tations of dust have also been shown to lead to a northwardpeciated data assimilated aerosol fields from the GEMS sys-
and upward shift in the African Easterly Jet (AEJ) in bet- tem to initialise our interactive aerosol simulations.
ter agreement with observatiorRdale et al.2011;, Wilcox We aim to further our understanding of the direct and indi-
et al, 201Q Tompkins et al.2005. rect aerosol effects on the predictive skill of the model by
The omission of mineral dust in the global NWP configu- examining the relative importance of these effects at each
ration of the Met Office Unified Model (MetUM) results in level of aerosol complexity on the radiation budget, hydro-
a large bias of up to 55Wn? in outgoing long-wave radia- logical cycle and global circulation patterns in the model.
tion (OLR) fields over West AfricaHHaywood et al.2005. Section2 describes in detail the model and aerosol configu-
Milton et al. (2008 attributed biases of a similar magnitude rations used. Sectiodigives an overview of the observations
in the surface and top-of-atmopshere (TOA) SW fluxes toused to evaluate the model’s aerosol, radiation and meteoro-
missing absorbing aerosol species (dust and biomass burnifggical fields. The aerosol forecasts are evaluated in 8ect.
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Section5 presents and discusses the impacts of aerosols othe sea-surface temperature and sea ice using OSTIA (Oper-
the model radiation fields. Sectidh evaluates the impact ational Sea-surface Temperature and sea Ice Analy3is)-(
on aerosols on the predictive skill of the model as well aslon et al, 2012, which is continued throughout the forecast.
impacts on the model precipitation and circulation patterns.The first forecast in the cycle for each experiment is ini-
Section7 discusses the significance of these findings fortialised from data held in the Met Office operational archive.
global NWP models while a summary and conclusions are In order to investigate the role of aerosols, and the appro-
provided in Sect8. 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
2 Model description and experimental design the surface type in each grid box through to a speciated prog-
nostic aerosol scheme initialised via near-real time data as-
The atmospheric simulations in this study use a determinsimilation. These experiments are described in more detail in
istic global NWP configuration of the Met Office Unified Sect.2.1 A significant advantage in using the MetUM for
Model (MetUM) (Cullen 1993 based on that in the Met Of- these experiments is that the model includes the option to
fice's operational NWP suite between 14 July and 2 Novem-use a relatively comprehensive prognostic aerosol scheme:
ber 2010; this is designated global NWP cycle G53. Its dy-CLASSIC (Coupled Large-scale Aerosol Simulator for Stud-
namical core uses a semi-implicit semi-Lagrangian formu-ies in Climate), originally designed for use in climate change
lation to solve the non-hydrostatic, fully compressible deepsimulations, and described in more detail in S@ct.1 Fi-
atmosphere equations of motion discretised onto a regulanally, the Met Office does not currently have an assimila-
longitude/latitude grid Davies et al. 2005. The radiation tion system for atmospheric composition, so for experiments
scheme employed is the two-stream radiation cod&df  with initialised aerosol fields we use aerosol fields from the
wards and Sling¢1996 with six and nine bands in the short- GEMS aerosol forecasting system as described in 3dcf
wave (SW) and long-wave (LW) parts of the spectrum re-
spectively. The atmospheric boundary layer is modelled with2.1  Aerosol representations in the model
the turbulence closure scheme lofck et al. (2000 with
modifications described ihock (2001 and Brown et al.  Table 1 lists the hierarchy of model experiments that were
(2008, whilst the land surface and its interaction with the conducted. The control (CNTRL) simulation includes the
atmosphere are modelled using the Met Office Surface Exsimplest treatment of aerosol and consists of a very basic,
change Scheme (MOSE&ox et al, 1999. Convection two-dimensional climatology with fixed aerosol properties
is represented with a mass flux scheme base@®Gmgory  over land and ocearC{usack et a).1998. This was the op-
and Rowntree(1990 with various extensions to include erational aerosol configuration in the NWP model prior to
down-draughts Gregory and Allen 1991 and convective  July 2010, after which it was replaced by the more realistic
momentum transport. Large-scale precipitation is modelledmonthly-mean aerosol climatologies described in S2&t2
with a single-moment scheme basedWiison and Ballard These aerosol climatologies and their direct radiative effect
(1999, whilst cloud is modelled using the prognostic cloud are included in the aerosol climatology (CLIM) simulation.
fraction and prognostic condensate (PC2) schewligsén Fully prognostic aerosols using CLASSIC are included in the
et al, 2008ab). AER simulations, while these prognostic aerosol fields are
The horizontal grid spacing used is3@5 x 0.5625, initialised with GEMS aerosol data in the INIT simulations.
which corresponds to a resolution of approximately 40 kmFor the prognostic aerosol simulations, two separate simu-
in the mid-latitudes. This is slightly coarser than the 25 km lations were carried out in each case, modelling the direct
resolution used operationally in G53, due to the additionalaerosol effect only (AER_DIR and INIT_DIR) and the com-
computational expense in the experiments using prognosbined direct and indirect aerosol effects (AER_DIR_INDIR
tic aerosol. In the vertical, we use the 70 vertical level setand INIT_DIR_INDIR). In the results presented in Se&s.
L70(50;, 20s)s0, which has 50 levels below 18 km, 20 levels and6 all aerosol experiments are evaluated against CNTRL.
above this and a fixed model lid 80 km from the surface.
All experiments presented cover the period from 3 June2.1.1 CLASSIC aerosol scheme
to 24 July 2009, although results presented below do not
include the first 2 weeks, to allow simulations using prog- The CLASSIC aerosol scheme was developed by the Met Of-
nostic aerosol some time to “spin up”. We perform two fice Hadley Centre for use in climate model studies and is de-
main forecasts per day, each 5 days in length, initialised ascribed in detail bellouin et al.(2011). Up to eight aerosol
00:00UTC (002) and 12:00UTC (12Z). The atmospheric types can be explicitly modelled in CLASSIC as external
state in these forecasts is initialised using a continuous 6aerosol species: sulfate, biomass burning, fossil fuel black
hourly cycle of four-dimensional variational data assimila- carbon (FFBC), fossil fuel organic carbon (OCFF), sea salt,
tion (4D-Var) Rawlins et al. 2007, the land surface using mineral dust, nitrate and secondary organic aerosol (termed
a soil moisture analysis schentgest and Maise)y2002 and biogenic aerosol). The mineral dust scheme used is based
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4752 J. P. Mulcahy et al.: Aerosol impacts in a global NWP model

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 wW/GEMS initialisation X
INIT_DIR_INDIR CLASSIC w/GEMS initialisation X X

on the mineral dust parametrisation described\modward  louin et al, 2011), capturing key aerosol features such as in-
(2007), with a number of modifications described Wpod- creased biomass burning loadings over central Africa in Jan-
ward (2011). In addition, we use a spatially fixed size distri- uary, dust emissions over West Africa and subsequent trans-
bution of the emitted dust following the approach Z#n- port across the Atlantic Ocean and pollution over South and
der et al.(2003. While CLASSIC does have the capabil- East Asia in the summer.

ity of modelling nitrate aerosol, we do not include it here

as it requires a fully online chemistry scheme which is cur-2.1.3  Initialised aerosol fields

rently too costly to run at NWP resolutions. Biogenic aerosol

is represented by a monthly mean climatology derived fromThe GEMS forecasting system includes an operational data
modelled terpene emissions using the STOCHEM Chemistr)pssimilation and forecasting system for tropospheric aerosols
transport model@erwent et al(2003). Sea salt aerosol is Within the ECMWF Integrated Forecasting System (IFS).
a diagnostic species only, with concentrations of the jet andBoth natural (sea salt, mineral dust) and anthropogenic (or-
film mode diagnosed from near-surface wind speeds usinganic carbon, BC and sulfates) aerosol components are
parametrisations developed I§yDowd et al. (1997, and represented. The forecasting system includes the near-real-
does not undergo advection or deposition in the mode'_ A||t|me data aSSimiIation Of MODIS total aerOSO| Optica| depth
other aerosol species are transported and deposited as progtOD) at 550 nm. The aerosol assimilation has been shown
nostic tracers by the model’s tracer advection and depositio0 be most effective in capturing high AOD eventdd(-
schemes respectively. Aerosols are removed by wet and drgrette et al.2009 Mangold et al, 2011), such as large dust
deposition processes. Dry deposition is parametrised anaRlumes off the West African coast, which might otherwise
ogous to electrical resistanc8dinfeld and Pandj200§.  be missed by the free-running aerosol forec&nedetti
The mechanisms for wet removal of hydrophilic aerosols areet al, 2009. In the absence of an aerosol data assimilation
via in-cloud Scavenging by |arge_sca|e and convective presystem in the Met Office we use assimilated aerosol fields
cipitation and below-cloud (washout) large-scale and con-from the GEMS forecasting system to initialise the CLAS-
vective Scavenging of hydrophobic aerosol. In order to aC_Slc aerosol SpeCies in the INIT simulations. We use data
count for re-evaporation of precipitation, in-cloud aerosol is from the GEMS near-real-time experiment rather than the
transferred to the accumu|ation mode in proportion Of themore recent MACC forecasts as neither the MACC near-real-
amount of precipitation that re_evaporates in each mode':ime forecasts nor the reanalySiS were available for the June
level. Aerosol emissions used to drive the CLASSIC schemé© July 2009 time period at the time the model experiments
are taken from the AeroCom-2 hindcast data Bélfl et al, were being conducted. The resolution of the GEMS forecasts
2012) and are based on the year 2005. The emissions are ups T2 159L60, which corresponds to an approximately 1°125
dated daily throughout the model simulations. The aerosold0rizontal resolution and 60 vertical levels.

are free-running in the forecasts and are not constrained by In order to use the GEMS aerosol fields to initialise the

any observations. CLASSIC scheme in the MetUM it was necessary to re-
grid the fields to the MetUM vertical and horizontal grids
2.1.2 Aerosol climatologies as well as map them to the appropriate CLASSIC aerosol

species. The aerosol model used in the GEMS aerosol fore-
The current operational global NWP model uses monthlycasting systems is based on the LOA/LMD-Z modeéddy
mean three-dimensional climatologies of mass mixing ratioet al, 2005 and contains five tropospheric aerosol types:
of all CLASSIC aerosol species. Multi-year monthly means sulfate, sea salt, dust, organic matter and BC. Fiduie
of the aerosol fields are derived from a 20 yr HadGEM-2 cli- a schematic outlining the procedure used to map the GEMS
mate modellartin et al, 2017 simulation using the CLAS-  aerosol species to the equivalent species in CLASSIC. The
SIC scheme, except for mineral dust which was derived frommodel variable mapped was the aerosol mass mixing ratio.
a 10yr run. The aerosol fields from these model simulationsSea salt being a diagnostic variable in CLASSIC was not ini-
have been shown to compare well with observatiddsl{ tialised. GEMS dust has a smaller number of size bins (three
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biomass burning parametrisations in CLASSIC are very sim-

GEMS CLASSIC ilar, as are the microphysical and optical properties used for
each speciesBgllouin et al, 2011). Thus, the CLASSIC
Dust 1 OCFF and FFBC schemes are, in this configuration at least,
03 representative of the GEMS organic matter and black carbon
Dust 1 L Dust 2 aerosol species.
0.34 The aerosol fields were initialised at the start of the
Dust 2 Dust 3 00Z and 12Z forecasts and were subsequently free-running
through the remainder of the 5-day forecast. As the NWP
0s0 Dust4 forecast effectively runs fror — 3 h, T + 9 h aerosol mass
mixing ratios from the 00Z and 12Z GEMS aerosol forecasts
Dust 3 — Dust5 were used to initialise the 12Z and 00Z forecasts respectively.
< Comparison of the aerosol optical depth (AOD) at 550 nm
Dust 6 before and after initialisation along with the corresponding

derived AOD from the GEMS aerosol forecast (not shown)

o0 Ait. SO4 show that the m_ain _impact of the initialis_ation is to increase

S04 < ' the qerosol loading in the Northern_Hemlsphere (NH), where

Acc. SO4 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.

Hydrophobic OM » Fresh OCFF

Hydrophillic OM —  Aged OCFF

2.2 Treatment of the direct and indirect aerosol effects

Hydrophobic BC ————————  Fresh FFBC o
yerep The aerosols are coupled to the model’s radiation and cloud

Hydrophillic BC »  Aged FFBC microphysics schemes allowing the direct and indirect ef-
fects to be modelled. Each CLASSIC aerosol species has a
) ) rescribed log-normal number size distribution and a set of
;%CtsstghgffggIg:gfogfgssgifs used to map GEMS aerosof/)vaveIength—dependent refractive indices as detailed in Ta-
' ble Al 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

bins representing 0.03 to 20 microns) than CLASSIC and sd®f MetUM. Hygroscopic growth is parametrised as a func-
was split between the six CLASSIC dust size bins (representtion Of relative humidity Eitzgerald(1979, Haywood et al.

ing 0.03-31.6:m). GEMS contains only one sulfate ($0 (2003h) for hygroscopic species. The aerosol optical proper-
variable which was split with a ratio of 9 into the accu- ties of the aerosol climatologies are the same as those of the
mulation and Aitken S@modes of CLASSIC, based on the full CLASSIC scheme. The resulting optical properties are
global mean ratio of these species in CLASSIC climate sim-Stored in look-up tables for use during the model integration
ulations. Sulfur dioxide (Sg) which is an important precur- _by the radiation scheme. _The semi-direct effe_ct is implicitly
sor to SQ formation along with dimethyl sulfide (DMS) was !ncluded, as thg change in temperature profile due to heat-
not available from the GEMS archive and so could not beind from absorbing aerosol, such as BC, feeds back onto the
initialised. While CLASSIC has separate dedicated scheme§10delled cloud fields. , ,

for OCFF, FFBC, and biomass burning aerosol, the GEMS Indirect radiative effects are included for all species except
aerosol system represents these aerosols as two species: Gpineral dust and BC which are assumed to be hydrophobic.
ganic matter (OM) and BC. The GEMS OM aerosol includes The total cloud condensation nuclei (CCN) concentration
organic carbon contributions from fossil fuel and biomass!S calculated from the accumulation and dissolved aerosol
burning sources as well as having a biogenic aerosol commodes of the hydrophilic species using the aerosol mass and
ponent, while the GEMS black carbon represents both fosPrescribed size distributions. The cloud droplet number con-
sil fuel and biomass burning BC aerosol. Consequently, thef€ntration (_CDN_C)_ is then calculated using thenes et al.
CLASSIC biomass burning scheme was not used in the ini-(2003) relationship:

tialisation experiments. Instead the biomass burning emis- _ 9
sions were split into their OC and BC parts and added to theCDNC_ 3.75x 10°(1.0 - exp(—2.5x 10-°CCN). (1)
OC and BC emissions used in the OCFF and FFBC schemeg inimum value for CDNC of 5¢ 166 m

_ _ —3 s assumed.
respectively. This was deemed acceptable as the OCFF and

www.atmos-chem-phys.net/14/4749/2014/ Atmos. Chem. Phys., 14, 424¢8 2014
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For the first indirect effect, the radiation scheme uses the3.3 MISR AOD
CDNC to obtain the cloud effective radius and cloud albedo.
For the second indirect effect, the large-scale precipitationl he Multi-angle Imaging SpectroRadiometer (MISR) instru-
scheme uses the CDNC to calculate the autoconversion rat@ent on board the Terra satellite observes the TOA radiances
of cloud water to rainwater based on thepoli and Cotton  at nine different zenith angles and four narrow spectral bands
(1980 autoconversion scheme. The indirect aerosol effectd446, 558, 672 and 866 nnip{ner et al, 1998. The different
are described in detail byones et al(2001). The indirect ~ Viewing angles allows MISR to retrieve aerosol information
effects from the aerosol climatologies are currently not in-0Vver bright surfacesMartonchik et al. 1998. Near global
cluded in the model. In this case, the MetUM assumes a concoverage is obtained every 9 days at the equator, and 2 days at
stant CDNC of 100 cm3 and 300 crii3 over ocean and land  the poles. Measurements of AOD have been available since

respectively. Aerosol impacts on ice clouds are currently nothe year 2000. In this study the level-3 daily global MISR
included. AOD product was used at® x 0.5° resolution.

3.4 TRMM precipitation measurements

3 Observations
Precipitation measurements are taken from the Tropical

3.1 AERONET global surface aerosol measurements Rainfall Measuring Mission (TRMM) Huffman et al,
2001, which provides high-quality infrared precipitation

The Aerosol Robotic Network (AERONETHpIben et al.  measurements and error estimates. The data are available

1998 is an extensive ground-based observational networkyith a 3-hourly temporal resolution and a spatial resolution

of sun- and sky-scanning radiometers, which provide qual-of 0.25. Coverage extends from 50l to 50° S.
ity assured measurements of aerosol optical properties from

arange of different aerosol regimes across the glbtodben 3.5 GERB radiation measurements

etal, 200)). In this study, post-processed and quality assured

(Level 2.0) AOD at 440 nm is used from a number of selectedThe GERB (Geostationary Earth Radiation Budget) instru-
stations to evaluate the model-derived total AOD in disparatement onboard the Meteosat-8 geostationary satellite rou-

aerosol regimes. tinely measures broadband SW and LW radiative fluxes from
TOA radiances Karries et al. 2005. Calibrated SW radi-
3.2 MODIS AOD ances are converted to fluxes using angular distribution mod-

els, which are themselves a function of the identified scene
The MODerate resolution Imaging Spectroradiometertype derived from the Spinning Enhanced Visible and In-
(MODIS) onboard the Terra and Aqua satellites makesfrared Imager (SEVIRISchmetz et a).2002 on Meteosat-
continuous global measurements of the upwelling radiances. GERB has a temporal resolution of approximately 17 min
at the top of the atmosphere in 36 spectral bands. Its widend spatial scales of 50 km. The GERB data has an accuracy
spectral range, high spatial resolution and near-daily globabf 2.25 % for SW irradiance and 0.96 % for LW irradiance.
coverage make it an ideal platform to observe the changesurther details of the GERB instrument and its use in the

in global, tropospheric aerosol distributions. A number of eyaluation of the MetUM are given billan et al. (2011
aerosol products at a resolution of 10kn10km, including  andAllan et al.(2007).

the spectral total AOD, Angstrém exponent and fine-mode

AOD, are derived over both land and ocean using sever8.6 ARM radiation measurements

of these well-calibrated channels in the region of 470 nm

to 2.1 um Remer et al.2005. AOD measurements from The US Atmospheric Radiation Measurement (ARM) pro-
MODIS have been available since 1999 for the Terra plat-gramme Qckerman and Stokes2003 produces a wide
form and since 2002 from the Aqua platform. The standardrange of atmospheric measurements at a number of loca-
MODIS aerosol retrieval algorithm for land surfacé&a(if- tions across the globe. We use surface radiative flux mea-
man et al. 1997 does not retrieve aerosol information over surements from broadband radiometers to evaluate the SW
bright surfaces such as deserts. The “Deep Blue” algorithn2nd LW downwelling and upwelling components. Radiative
has been subsequently developedHsu et al.(2004 for flux measurements are made every minute. In this study we
this purpose. In this study we use a merged Collection 5.1use the ARM climate modelling best estimate produkis (
Level 2 daily AOD product, which includes AOD from the €tal, 2010, where the data have been quality controlled and
“Deep Blue” algorithm over bright land surfaces and AOD Processed to a 1 h temporal resolution.

from the standard land and ocean algorithms elsewhere.
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a) MODIS Global Mean: 0.186 b) MISR Global Mean: 0.189
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Fig. 2. Comparison of model AOD (550 nm) &dt+ 120 (day 5) with satellite observations from 24 June to 24 July 2(899MODIS
observations(b) MISR observationg,c) AER_DIR, (d) AER_DIR_INDIR, (e) INIT_DIR, (f) INIT_DIR_INDIR and(g) CLIM.

4 Evaluation of aerosol forecasts the tropical Atlantic Ocean but there are some significant dif-
ferences in the details of this distribution. The CLIM mineral
In this section we evaluate the skill of the forecasts of AOD dust is located too far north compared with the prognostic
produced in the prognostic aerosol and CLIM Simu|ationsldust simulations and satellite observations. It has a Signif-
Figure 2 shows the global mean spatial distribution of sim- icant localised dust loading over the northwest of Africa,
ulated AOD (550 nm) af’ + 120 h into the forecast (day 5) While the prognostic simulations have a more widespread

from all simulations. Also shown are the corresponding meardistribution of dust across the whole of North Africa advect-
spatial AOD distributions from MISR and MODIS. Quali- ing westwards across the Atlantic Ocean and eastwards from

tatively, the spatial distributions from all model simulations the Horn of Africa across the Arabian Sea in good agreement
compare well with the satellite observations. All models cap-With both MODIS and MISR observations. CLIM also has

ture the mineral dust plume observed over West Africa and@ significantly higher aerosol loading over China and over the
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Fig. 3. Time series ofl’ + 120 forecast AOD (440 nm) in dust-prone locatio(e} Saada(b) Solar Village,(c) Capo Verde andd) La
Parguera.

Indo-Gangetic Plain. The elevated AODs are not observedhe West African coast, and La Parguera°(lly 67° W) in
over China, although satellite observations over this regiorthe Caribbean Islands, shown in Fag.and d, are sites which
are relatively sparse. In contrast, both AER and INIT simula-frequently observe large amounts of transported dust. In dust
tions appear to slightly underestimate the AOD over the Indo-source locations, the prognostic model simulations capture
Gangetic Plain compared with both AERONET (see compar-the temporal variation and magnitude of the dust remark-
ison at Kanpur, India in Figdd) and MODIS observations in  ably well. By design, CLIM exhibits little diurnal variation
this region. The elevated AOD in CLIM can be attributed to in these dry, arid regions and is therefore not able to cap-
the inclusion of the nitrate aerosol climatology, while there ture the day-to-day variability and misses a number of large
is no representation of nitrate in the prognostic aerosol simudust events, notably between the 3 and 5 July. Dust trans-
lations. While anthropogenic emissions of nitrogen and am-port across the Atlantic Ocean also appears to be well repre-
monia are known to be increasing in this regi@ellouin sented in the AER and INIT simulations, particularly at La
et al, 2011 Galloway et al.2004 and are therefore an im- Parguera. At Capo Verde, which is close to the major dust
portant aerosol source, carbonaceous emissions in this regigource region of the Sahara Desert, the prognostic simula-
are also likely to be underestimaté®bnd et al, 2013 inthe  tions appear to advect too much dust from West Africa and
prognostic aerosol simulations. CLIM has a smaller overall mean bias at this location.

The AER simulations tend to underestimate the AOD over A similar comparison is shown in Figt for regions of
the high latitudes in the NH. Again, this is most likely caused predominantly anthropogenic aerosol. Over Europe, the large
by the lack of nitrate aerosol in the CLASSIC scheme, whichurban centres of Paris (48], 2° E) and Rome (41N, 12 E)
is an important aerosol source in industrialised areas suclre presented and for Asia, Kanpur in India {25 80° E)
as Europe and China. This bias is improved in CLIM, andand Hong Kong in China (22N, 114 E) are shown. Over
also in the INIT experiments where the main effect of the Europe, the initialised simulations exhibit a small positive
initialisation, as already stated in Se2t1.3 is the addition  bias (mean bias of 0.02 and 0.07 at Rome and Paris re-
of aerosol in the NH. spectively) while the uninitialised simulations tend to un-

Figure3 presents the time series of AOD from all aerosol derestimate the AOD by a similar magnitude (mean bias of
simulations atr" + 120 at a number of selected AERONET —0.02 and—0.03 respectively). Overall, the agreement be-
sites where mineral dust is the predominant aerosol speciesween model and observations is good for the prognostic sim-
Figure3a and b considers the model performance at two sitesilations, although a few large AOD events are missed at the
relatively close to dust sources (Saada’(§18° W) and So-  Asian sites, for example at the end of June at Kanpur and on
lar Village (24 N, 46° E)). Capo Verde (16N, 22° W), off 14 July at Hong Kong. The temporal variability of the AOD
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Fig. 4. Time series ofl’ + 120 forecast AOD (440 nm) in locations where anthropogenic aerosol is predonf{eaRaris,(b) Rome,(c)
Kanpur andd) Hong Kong.
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Fig. 5. Time series off" + 24 forecast AOD (440 nm) &k) Saada(b) Capo Verde(c) Rome andd) Kanpur.

in CLIM, particularly at Kanpur and Paris, is due solely to  Itis worth noting that the mean bias in AOD from the INIT
the large variations in the relative humidity in this area andsimulations is smaller than the bias in AER AOD at the be-
leads to large positive biases in these regions (mean bias @inning of the forecast. Figur shows the time series of
0.24 and 0.12 at Kanpur and Paris respectively). AOD at T + 24 at Saada, Capo Verde, Rome and Kanpur
and highlights the impact of initialising the aerosol fields.
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(a) CNTRL-GERB OLR (W m-2) (b) CLIM-GERB OLR (W m-2)
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Fig. 6. Differences in OLR between the model simulations and GERB observations @pr@NTRL, (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 ad/est Africa from the 22 June to the 22 July 2009 from all
Saada, but away from source at Capo Verde INIT advectsnodel simulations. Both model and observations have been
less dust than AER over the Atlantic Ocean in better agreecloud-screened by removing values where both the obser-
ment with the AERONET observations. It should be notedvations and model report cloud amounts greater than 50 %.
that the GEMS forecasting system does not assimilate obHowever, it is likely that some residual cloud contamina-
servations of AOD over bright surfaces such as the Saharéion remains along the edge of the 50% contour line in
Desert due to the limitations of the standard MODIS land Fig. 6. As the region south of 23N is predominantly cloud-
retrieval algorithm Kaufman et al.1997. Thus, the initial-  contaminated we focus our analysis to the north of this re-
isation is not expected to have a positive impact in these region. The impact of aerosols on the model radiation biases is
gions. At anthropogenic locations, such as Rome and Kanevaluated early in the forecast in order to minimise the role
pur, while AER underestimates the AOD in most cases INIT of other model errors such as general circulation and temper-
has a smaller bias. Overall, such good agreement with thature errors.

observations highlights the positive impact of initialising the A significant positive bias of between 20 and 40 Wis
CLASSIC fields with GEMS assimilated data at shorter fore- clearly seen over northwest Africa in the CNTRL simulation
cast times. (Fig. 6a), in agreement with thidaywood et al(2005 study
which also used the Cusack aerosol climatology. With the
inclusion of mineral dust (Figgb—f), the positive bias is no-
tably reduced in regions dominated by mineral dust aerosol.

. e CLIM (Fig. 6b) reduces the OLR by too much in the re-
The im f aerosol on the model radiation fields w - . .
e impact of aerosol on the model radiation fields was as ons of highest dust concentrations to the east of the Atlas

. . .. |
sessed by comparison against all-sky radiative flux measure’%I . - . . .
y b J ky ountains and Algeria, leading to a large negative bias. The

ments derived from GERB measurements. Figdighows ) : . . .
the mean model bias in OLR at the start of the forecast ovefo‘ER simulations (Figéc and d) largely remove the bias with

5 Impacts on radiation
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(a) CNTRL-GERB RSW (W m-2)
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Fig. 7. Reflected short-wave radiation differences at TOA between model and GERB observationgajr@NTRL, (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 stretchef the GEMS initialisation reduces with forecast lead time,
ing east towards the Bodele depression where the model preso that by day 5, the dust distribution is very similar to the
duces more dust than in the other aerosol simulations. In theninitialised dust distribution.
INIT simulations (Fig6e and f) the improvement in the OLR Figure7 shows the mean model bias in the reflected short-
bias is smaller than in the AER simulations. This is due inwave radiation for the same period. The inhomogeneity of
part to smaller dust loadings in the initialised simulations atthe underlying surface albedo over North Africa leads to
short forecast lead times. a less well defined error signal, but the CNTRL simulation
The dust size distributions in all three aerosol represenhas a predominantly positive bias over this region. The im-
tations (CLIM, AER, INIT) are also different (not shown). pact of the dust can be seen in Fip.and c, with the CLIM
This has important implications for the dust radiative forcing. dust reducing the positive bias over northwest Africa but in-
The size distribution of the dust climatology used in CLIM creasing the bias over the dark ocean surface of the Mediter-
peaks towards the larger size bins which subsequently giveeanean Sea. Conversely, the prognostic simulations increase
a larger impact in the LW spectrum. The fixed size distribu- the outgoing reflected SW radiation, increasing the positive
tion of the emitted dust in the AER simulations is based onbias across North Africa.
the observations d’Almeida (1987 and peaks in bin 4 (1— Figure 8 presents the direct radiative impact of aerosols
3.16 um). The INIT dust has more mass in the sub-micronon the clear-sky net TOA radiation (sign convention
particle range following the GEMS dust size distribution and used is positive downwards). The clear-sky direct ra-
subsequently is less radiatively efficient in the LW and morediative effect is calculated as the difference between
efficiently scatters SW radiation (see Fif). This size dis- the top of atmosphere clear-sky net radiation from
tribution has been subsequently revised in the latest operthe direct only simulations with and without aerosol,
ational MACC forecasts. As already discussed, the impaci.e. DREet= TOAnet(aEROSOD — TOAnet—(CNTRL), Where
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Fig. 9. Direct and indirect impacts of aerosol on the all-sky net TOA
radiation at" + 120 from AER_DIR_INDIR.

90N
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
180 0 TOA cooling of —1.25 WnT1 2.

The combined direct and indirect effect of aerosols on
the all-sky net TOA radiation is shown in Fig. 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 30Wnr2 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.

45N F

90N

45N

458 F

90S

180 90w 0 90E Figure 10 shows the meaf + 120 potential cloud droplet
O - :

L | number concentration (CDNC) in the troposphere from the

-30 -25 -20 -15 -10 -5 5 10 15 20 25 30

CLIM and AER_DIR_INDIR simulations. Currently, UM
Fig. 8. Direct impact of aerosol on the clear-sky net radiation at configurations which do not include the indirect effects of
TOA from (a) CLIM, (b) AER_DIR and(c) INIT_DIR at T + 120. aerosols assume a fixed value of CDNC of 100@mand

300cnt3 over ocean and land surfaces respectively. Such

assumptions are gross over-simplifications of the true distri-
AEROSOL can be from CLIM, AER_DIR or INIT_DIR sim-  bution of CDNC which is closer to Fig.Ob most notably in
ulations. Note this is not a true aerosol radiative perturba-the high-latitude regions. This subsequently leads to effec-
tion, as CNTRL still contains a basic aerosol representationtively cleaner air and a reduction in low-level cloud (approxi-
The main direct impacts of aerosol are the reduction in OLRmately 20 %) in these regions in the DIR_INDIR simulations
over West Africa leading to a local net TOA radiative warm- and leads to a strong radiative warming at both the TOA and
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(a) CLIM (b) AER_DIR_INDIR
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Fig. 10.Potential cloud droplet number concentratiofat 120 from(a) CLIM and (b) AER_DIR_INDIR.

Table 2. The global mean day 5 all-sky net radiative forcings CDNC over the TP results in a positive SW cloud forcing at

(Wm~2) from the different aerosol representations. short forecast lead times. This is replaced by a positive LW
forcing at longer lead times due to the subsequent increase in
TOA ATM  SFC deep convective activity and associated high cloud amount
CLIM 030 -172 142 that occurs in response to the SW warming.
AER DIR _0.87 —-291 204 All global mean net radiative perturbations due to aerosols
AER DIR INDIR 418 —-2.62 6.80 are summarised in Table 2. A larger cooling at TOA and
INIT DIR 148 -229 0.89 smaller warming at the surface is found in INIT_DIR due
INIT_DIR_INDIR 226 -1.81 4.07 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
nd surface perturbations due to the indirect aerosol effects in
he INIT simulations have the same sign as AER simulations,

but are smaller in magnitude due to the reduced cloud sensi-

the surface. A number of recent studies report aerosol clou
condensation nuclei (CCN) values in the Arctic summer to

be less than 100 cni and in many cases to be as low as tivity in the NH in the INIT simulations. The global mean

1cm 3 (Birch et al, 2012 Mauritsen et a].201% Bennartz - 2.
. ’ ; TOA forcing is 4.18 Wm < in AER_DIR_INDIR compared
2007 Bigg and Leck 2001), which would support the low "o e\ 2 in INIT_DIR_INDIR. Corresponding sur-

values found in the current prognostic aerosol experiments . . .
AER_DIR_INDIR has in general smaller values of CDNC face forcings are 6.80 and 4.07 Wirespectively. The di

. : . rect aerosol effect leads to a cooling at the TOA and a warm-
compared with the INIT simulation, due to the latter hav- 9

) X ) : . ... ing at the surface, while inclusion of the indirect effects leads
ing higher aerosol concentrations particularly in the NH, with . :

. . . to an overall warming at TOA and an even larger warming at
the exception of lower concentrations over dust and biomas

bumning regions of Africa. AER_DIR_INDIR also has low e surface. Overall, the prognostic aerosol simulations have

concentrations over high-altitude locations such as the Ti-a larger impact on the net radiative fluxes than CLIM.

betan Plateau (TP) and the Andes.

The impact of aerosol on the net surface radiation from9.1 Evaluation against ARM measurements
both AER simulations is shown in Fid.l Milton et al.
(2008 highlighted large positive biases GO0Wm2)inthe  Observations from the ARM site at Barrow, Alaska
downwelling SW surface radiation over West Africa and (156.6 W, 71.3 N) are used to further evaluate the indi-
linked this bias to the omission of absorbing aerosol speciesect aerosol impacts on the model surface radiative bal-
in the NWP model. With the inclusion of a more realistic ance in the NH high-latitude regions. T+24 h forecasts of
aerosol distribution the net SW flux at the surface is reducedsW and LW downwelling (SWown, LW gown) and upwelling
in dust regions by 20 to 30 Wn? (not shown). However, this  (SW,p, LWy) radiative fluxes at the surface valid at 00Z
is generally offset by an enhanced downwelling LW emissionand 127 are evaluated. Again the sign convention of posi-
from the absorbing mineral dust. A surface radiative coolingtive for downward radiative fluxes is used. Figurza com-
is seen in areas of high aerosol loading over ocean, pollutegpares the S\§bwn radiative flux at the surface from the CN-
regions over China and Korea, and in regions of increased RL and AER_DIR_INDIR simulations with ARM obser-
amounts of stratocumulus cloud in the simulations which in-vations for the full simulation period. The CNTRL simula-
clude the indirect aerosol effects. tion clearly underestimates S)n throughout the period

A significant positive warming at both the TOA and sur- with a mean bias of 63.6 Wnt and was also found to un-
face is also found over South Asia and India, particularly derestimate the SWY component (not shown). The CNTRL
in the AER_DIR_INDIR simulation. An initial reduction in  model overestimates the Ly component at the surface
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(a) Net Surface Radiation (W m®) (AER_Dir-CNTRL) subsequently the LW radiative emission from the surface is
. ‘ : increased.

90N

6 Impacts on meteorological fields
6.1 Verification against model analysis

Figurel3presents a comparison of tiie- 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. Figutd shows the zonal mean
temperature error in the CNTRL and the AER_DIR_INDIR-
CNTRL difference. Figurd4a highlights a significant cold
bias of~ 2K in the NH below 700 hPa in the CNTRL simu-
lation. The aerosol indirect effect acts to reduce this error by
Fig. 11. Radiative impact of aerosol on the net surface radiation at™ 1 K. The indirect aerosol effect also has a positive impact
T + 120 from(a) AER_DIR and(b) AER_DIR_INDIR. on temperature errors in the SH where the mid-tropospheric
cold bias has reduced by up te 0.5K. 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 cn13 are obviously too high in CNTRL. These findings
‘confirm that the more accurate treatment of aerosols and their

(mean bias of 18.38 Wn?) and also the emitted L\ com-
ponent. The underestimation of Q¥ and overestimation
of LWgown at the surface suggests that the model is predict

ing too much cloud in this region and is consistent Wit jgjirect effects on cloud formation in clean air regions in

ton and Earnsha(2007) who postulated that similar errors 45151 NWP leads to a more accurate simulation of the at-
found in the surface radiation balance at the same site irinosphere.

boreal winter are most likely caused by an overprediction

of cloud or inadequate representation of cloud propertiesg 2 Clouds and precipitation

When the aerosol indirect effects are included thegSW

bias is greatly reduced t6-0.59WnT2 and a much im- We have already seen in Seétthat the indirect aerosol
proved correlation with the ARM observations is found. The effects leads to a large positive TOA forcing over the NH
improvement in the S\Wwn bias is found to correlate with  high latitudes and a negative forcing over the subtropical and
days when the AER_DIR_INDIR predicts less cloud than northern Pacific and Atlantic Oceans. The regions subjected
CNTRL, as can be seen in Fifj2c. In particular, between to the largest TOA aerosol forcing are dominated by low-
27 June and 4 July AER_DIR_INDIR predicts between 20level cloud as shown in Figl5a. The impact of the direct
and 60 % less cloud than CNTRL with concomitant increasesand indirect aerosol effects on model me&nr- 120 cloud

in the SWiown fluxes of between 100 and 300 W) im- amount is shown in Figl5b—f. The primary impact of the
proving the model bias. A smaller impact in the k¥¥n direct aerosol effect is to reduce low-level cloud amount
component was found (see Fifj2b). The upward surface across the tropical Atlantic Ocean along the path of the
SW bias is also improved but not totally removed with the dust plumes being transported west from the Sahara Desert
inclusion of the aerosol radiative effects. This is potentially (Fig. 15b and f). When the aerosol indirect effect is included,
due to an inadequate representation of the surface propertighe change in CDNC from the fixed values used in the DIR
in the model such as albedo, snow cover and vegetation typeand CNTRL simulations to variable CDNC diagnosed from
The additional surface SW warming combined with the smallthe CLASSIC scheme leads to an increase in low-level mar-
impact on the LWown increases the surface temperature anditime cloud over much of the NH oceans and a reduction
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Fig. 12. Time series ofla) SW downward,(b) LW downward fluxes at the surface from CNTRL, AER_DIR_INDIR and ARM surface
measurements at the North Slope of Alaska $iglow 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 &t+ 120 for the (top row)
Northern Hemisphere and (bottom row) the tropics from all model simulations.

in clean polar regions. Marine stratocumulus clouds off thelarge reductions in CDNC of more than 50 % relative to CN-
coasts of Namibia in Africa and Chile in South America TRL and a subsequent large positive surface warming due
are increased by up to 20% in both AER_DIR_INDIR and to the increased SW radiation reaching the surface at short
INIT_DIR_INDIR simulations (Fig.15d and f) leading to  forecast lead times. This large radiative warming triggers ad-
brighter clouds and a negative TOA forcing. In contrast, overditional convective activity in these regions leading to in-
the NH and SH high latitudes the low-level cloud decreasesgreases in high cloud amount and convective precipitation
most significantly over northern Canada where the low-levelat longer forecast lead times. Comparisons of the mean AOD
cloud is reduced by up to 30 %. This leads to a reduction in(550 nm) against a number of AERONET observations on
the outgoing SW at TOA and increases the solar radiatiorthe Indo-China Peninsula (not shown) indicate that the unini-
reaching the surface. Consequently, this reduction in cloudialised CLASSIC simulations underestimate the AOD in this
in both the NH and SH high latitudes leads to the improvedregion, with the higher aerosol loading in INIT comparing
temperature biases in these regions discussed above. better with the observations. So it is likely that the large sen-
Notable increases of 10 % in high-level cloud amount sitivities seen in this region are due to an inaccurate represen-
(not shown) were also found over West Africa and Southeastation of the aerosol emissions or aerosol optical properties
Asia in AER_DIR_INDIR and INIT_DIR_INDIR. This re- in this region in the model.
sults from a positive surface forcing exerted by the aerosols Figurel6 presents the change in tifiet 120 mean global
in these regions. Over West Africa, the net positive forcing precipitation rate from each experiment relative to CNTRL.
at the surface (see Fi@1b) is due predominantly to the en- The CNTRL error shown in Figléb and calculated us-
hanced downwelling LW emission from mineral dust. Over ing TRMM observations shows that the model overestimates
the Indo-China Peninsula and the TP the aerosol loading iprecipitation over Southeast Asia, the North Indian Ocean,
relatively low with an AOD (550 nm) of less than 0.2 and eastern parts of Africa and over much of the tropical Pacific
0.1 in these regions respectively (see Rif). This leads to  Ocean. The model has a negative bias over continental India
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Fig. 14.Zonal mean temperature &t+ 120:(a) CNTRL error andb) AER_DIR_INDIR-CNTRL difference.

and over the tropical North Atlantic. While the global mean MetUM interacts with the large-scale precipitation scheme
impact of the aerosol on the precipitation rate is small atonly and thus the impacts on the convective precipitation in
T + 120 some beneficial impacts are found. Dust and smokehis region are due solely to a temperature response to the
aerosol over the Sahel region exerts a semi-direct effect reaerosol. Inaccuracies in both the representation of precipita-
ducing the precipitation over the region by 1-3 mmdhin tion in the model as well as the representation of the aerosol
the DIR simulations and also acts to reduce the positive biindirect effects will lead to unrealistic responses here.

ases over Venezuela and Colombia. Precipitation is also re-

duced in the Indo-Gangetic Plain along the southern edge 0§.3  Global circulation patterns

the Himalaya mountain range, an area which shows a sig-

nificant positive bias in the CNTRL simulation. With the in- Figure 17 shows the mean change in mean sea level pres-
clusion of the direct and indirect effects, the trend in rainfall 5o (MSLP) and 925 hPa wind fields At+ 120 between
change over the Sahel is not as clear between the differenfie aeros0l and control simulations. The CLIM simulation
aerosol simulations (a small increase is found in AER butonances the heat low over Northwest Africa by up to
a decrease is found in the INIT simulation). An increase in, hPa, however the prognostic dust simulations have a much
precipitation over the tropical North Atlantic partially offsets ¢aj1er impact in this region. Simulations including the di-
the negative bias in this region. It also reduces the precipiyect aerosol effect only increase the MSLP across NH land
tation over the Indo-Gangetic Plain and Northeast Pakistanytaces with the largest increase found in the INIT simula-
but notably increases the positive bias over Southeast Asigons in response to the larger NH aerosol loading and sub-
and China. Most of the precipitation over the Indian conti- gequent reduction in downwelling SW flux at the surface in
nent in the model is in the form of convective precipitation. {nase simulations. The most notable impacts are the reduc-
The indirect aerosol effects as currently parametrised in thgjgns in MSLP over the South Asian monsoon region, North
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Fig. 15.Impact of different aerosol representations on low cloud amoufitfat20: (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 distributions from CLIM, AER and INIT simulations in this
are co-located with the regions of significant SW warming region. The lack of a circulation response in CLIM can be ex-
discussed in Sech. In the following section we focus on the plained by the low aerosol loadings in CLIM over the North
more notable regional impacts found over South Asia andndian Ocean compared to the prognostic aerosol simula-
West Africa in the form of changes to the important circula- tions. The impact is strongest in the INIT simulations due to
tion patterns associated with the South Asian monsoon anthe higher AOD over the Arabian Sea compared to the AER

the African easterly jet. simulations. Dust is the predominant aerosol species in the
model in this region and a warming of between 0.1-0.2K is
6.4 Regional circulation patterns found within the dust layer.

When the indirect aerosol effect is included the large SW
Figure 18a shows the 850hPa wind field over the South forcing induced over southeast Asia enhances the heat low
Asian monsoon region from the CNTRL simulation. The bias across the TP, increasing the anomalous convergent flow
in the CNTRL wind field is shown in Figl8b and high-  around the TP, over Southeast Asia and China. The result
lights an overly strong monsoon flow over North India and is an enhanced monsoon flow over the Bay of Bengal. The
Southeast Asia. Aerosol-induced wind changes are shown iimpact is largest in the AER_DIR_INDIR simulations due to
Fig. 18c—f. The CLIM simulation was found to have a negli- the higher sensitivity to the change in CDNC in this simula-
gible impact on the low-level circulation and so is not shown tion (as discussed in Secti@?2). The associated SW heat-
here. A consistent response to the aerosol is seen il8g.  ing increases atmospheric temperatures by up to 0.5K over
f with an induced cyclonic circulation opposing the anticy- South Asia. This warming begins in the lower troposphere at
clonic flow over India. This response appears to be due tashort lead times and propagates to the upper troposphere by
the direct aerosol effect increasing the convergence over thg + 120 due to the resultant increase in convection.
North Indian Ocean. Figurg9 highlights the different AOD
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(B) CNTRL-TRMM

Fig. 16.Impact of aerosol on model precipitation rate (mmdhyat 7 +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-9)

Figure20a shows thgd 4+ 120 mean zonal wind at 600 hPa contours. All simulations show a significant warming of up
over West Africa from the CNTRL simulation and highlights to 1 K within the dust layer which is concentrated close to the
a strong African easterly jet (AEJ) between the equator andsurface and highlights that most of the region north gfl5
20° N, with maximum intensity between 10 and°1$. The is an active dust source region in the model. The warming
meanT + 120 zonal wind bias, shown in Fig0b illustrates  is larger and more regionally extensive in the CLIM simula-
that the AEJ is located too far south and the maximum in-tions owing to the much higher localised dust concentrations
tensity is also too strong off the West African coast. The im-in the northwest of the region between 20 and R5The
pact of the different aerosol representations on the AEJ isvarming begins near the surface (below 900 hPa) at short
shown in Fig20b—d. Dust is the primary contributing aerosol forecast lead times and propagates to above the boundary
species over West Africa and as the indirect effects of mineralayer by T + 120. This results in an enhanced heat low over
dust are not currently included in the MetUM we present theNorthwest Africa in CLIM as well as an increase in the up-
DIR-only simulations here in order to examine the impactsper level convergence decreasing the strength of the AEJ
of the direct radiative effect of mineral dust on the circula- at 600 hPa. In AER_DIR, which has a smaller dust loading
tion in this region. The CLIM simulation has the largest im- than CLIM, the warming is more confined further south than
pact on the AEJ, weakening both the southern and norther©€LIM between 17 and Z2N. The upper level warming is
flanks of the jet. The impacts are smaller in the prognosticalso smaller than CLIM and as a result a reduced impact on
simulations particularly along the southern edge of the jet.the AEJ is found. The INIT simulations, as already discussed
However, a small enhancement of the jet maximum is foundin Sect.5, have a much smaller dust loading as well as a dif-
and a beneficial northward shift is also seen in the INIT_DIR ferent size distribution to CLIM and AER. This leads to en-
simulation. hanced scattering above the dust layer and a subsequent cool-

Figure 21 presents the impact of aerosol on the verticaling. By T + 120 the impact of the aerosol initialisation has
temperature profile averaged betweef\dband 10 E with reduced and the INIT dust more closely resembles the AER
dust and biomass burning aerosol concentrations overlaid agust distribution than the GEMS dust forecasts. However,
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overall concentrations early in the forecast are much lowerulated impact of dust on West African circulation and there-
leading to a smaller warming near the surface and an elefore on the West African monsoon is also highly dependent
vated cooling which persists through the forecast. This lead®n the absorption properties of the dughéo et al. 2011,
to a smaller mean impact on the jet structure north 6fXL5  Solmon et al. 2008. The Balkanski et al.(2007) dust op-
The impact of dust on the circulation over Africa is ex- tical properties used here are less absorbing than other dust
tremely complex and very much dependent on the altitude obptical properties reported in the literature and used in mod-
the dust layer, the dust size distribution and dust optical propelling studies (seeRyder et al. 2013 Zhao et al, 2011
erties employed in the model. Elevated dust layers tend t&okolik et al, 1993. This will also reduce the dust direct
cool the surface below by reducing the incoming SW radia-radiative effect in the present simulations. Dust optical prop-
tion reaching the surface while warming within the dust layer erties vary depending on the particle size, chemical composi-
itself. This thermal dipole effect tends to stabilise the atmo-tion and distance from sourcRyder et al.20133. Using a
sphere during the day and destabilise during the night-timesingle set of dust optical properties to model the global radia-
through LW warming Reale et al.2011 Lavaysse et al.  tive impacts is therefore a known limitation in global high-
2011). Many of these studies report a beneficial enhancementesolution dust modelling but is currently necessary given the
of the jet with the inclusion of a representative dust distribu- computational requirements of using regionally varying op-
tion. In the simulations presented here most of the dust idical properties, not to mention the uncertainties in the char-
concentrated close to the surface and the thermal dipole imacterisation of dust physical and optical properties.
pact is not observed. Consequently the resulting impact on
the jet structure is not as large as in other studies. The sim-
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Fig. 18. Impact on 850hPa winds over South AsiaZat- 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.

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
The aim of this paper is to establish the potential benefitstorecasting system. This study shows that the climatology
fromincreasing the aerosol complexity on global model fore-gives a reasonable representation of mean aerosol loading
casting skill on NWP timescales. Here we summarise outhyt is unable to capture the large temporal variation in AOD.
findings and discuss the benefits gained from each level of s s not surprising given the highly inhomogeneous nature
additional aerosol complexity. of aerosol distributions (tropospheric aerosols have average
The first level of increased aerosol complexity involves the|ifetimes ranging from a couple of days te 1 week) and

use of monthly mean aerosol climatologies. This is what isthat the climatologies bear little resemblance to the driving
currently implemented operationally in the global NWP con- model's atmospheric state. The impact of including the direct
figuration of the MetUM and in the Met Office seasonal fore- effect from the aerosol climatologies on the model forecast
casting system, GLOSEAA(ribas et al, 2011). One of the

7 Discussion
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skill is found to be generally small or neutral. The largest lated aerosol fields further improves aerosol forecasts partic-
impacts are found predominantly in dust-dominated regionaularly in complex aerosol regions such as South Asia (see
such as the Sahara Desert, where the large dust loading efig. 19d and €). There are uncertainties in the aerosol emis-
hances the heat low over Northwest Africa and through thesions and processes as well as the aerosol optical proper-
semi-direct effect reduces cloud over tropical Atlantic. How- ties used in these simulations. For instance, nitrate aerosol
ever, the comparison of model OLR against GERB observais a notable omission in the simulations carried out here.
tions in this study suggests that the dust climatology leads tdNitrate aerosol is also not included in the GEMS aerosol
a significant reduction in the OLR over West Africa resulting model Morcrette et al. 2009. Therefore, even though
in a negative bias of up to 30 WTA. This is most likely due  the aerosol assimilation improves total AOD comparisons
to inaccuracies in the representation of mineral dust in theagainst AERONET over India for example, the speciation
climatology. and subsequent aerosol optical properties used could be in
The next level of aerosol complexity involves coupling error. One key area where the initialisation does not improve
a fully prognostic aerosol scheme to the global NWP aerosol forecasts is in dust-dominated regions. This is due to
model. The additional tracers required by prognostic aerosoln excess of sub-micron size dust particles in the GEMS dust
schemes obviously lead to a substantial increase in the rurscheme. Using the improved MACC aerosol forecasts in fu-
ning costs of the model. However, this study shows how theture studies, which include a revised dust size distribution,
use of prognostic aerosol schemes in the AER and INIT simimproved aerosol assimilation and consequently a smaller
ulations gives a much better temporal and spatial distributionAOD bias is expected to lead to significant improvements in
of the aerosol. Initialising the aerosol with GEMS assimi- the initialised aerosol forecasts. Apart from this, the overall
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Fig. 20.Impact on 600 hPa zonal wind over West Africdat 120:(a) CNTRL U wind, (b) CNTRL error,(c) CLIM-CNTRL, (d) AER_DIR-
CNTRL, () INIT_DIR-CNTRL.

success of the initialised simulations highlights the skill of be extremely important due to the high impact these events
the GEMS and subsequent MACC assimilated aerosol forehave on daily lives and health of the general public. Opera-
casts. Overall, this increased level of aerosol complexity hadional dust forecasts are now available from the operational
an important benefit as it enables the development of a globajlobal NWP configuration of the MetUM at a 25 km resolu-
environmental prediction capability. The potential use of thetion. These dust forecasts use a simplified two-bin version of
global NWP configuration of the MetUM to predict signif- theWoodward(2001) scheme and include a 4D-Var data as-
icant aerosol events such as large dust storms, volcanic asfimilation of dust AOD derived from MODIS observations.
events and an increasing number of wild fire episodes wouldlhey are used routinely for military planning purposes and
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(a) 15W-10E CNTRL Temperature T+120 (b) 15W-10E AER_CLIM-CNTRL T+120

100 100 [ ~_—_—
200 200
300 300
400 400
500 500 [
600 600 [
700 700
800 800

900 900
1000 1000

35N 30N 25N 20N 15N 10N 5N 0

|| I

180 200 220 230 240 250 260 270 280 290 300 310 -1 -05 -04 -03 -02 -01 0.1 02 03 04 05 1

Pressure (hPa)
Pressure (hPa)

(c) 15W-10E AER_DIR-CNTRL T+120 (d) 15W-10E INIT_DIR-CNTRL T+120

100 [ 1 100 [
200 - 1 200
300 300
4001 400 [
500 500 [
600 600 [
7001 700
800 800 [

900 900
1000 1000

Pressure (hPa)
Pressure (hPa)

-1 -05 04 -03 02 -01 01 02 03 04 05 1 -1 -05 04 03 -02 -01 0.1 02 03 04 05 1

Fig. 21.Zonal cross-section df + 120 mean temperature averaged betweéiAland 10 E: (a) CNTRL temperaturgp) CLIM-CNTRL,
(c) AER_DIR-CNTRL, (d) INIT_DIR-CNRTL. Dust concentrations are shown in solid contour lines with intervalsak@0~8 kgm~3.
Biomass burning concentration are shown in dashed contour line with contour inter@0as010~8 kg m—3.

are also provided daily to the World Meteorological Organi- variable nature of biomass burning emissions due to forest
sation Sand and Dust Storm Warning Advisory and Assessfires will have strong regional short-term impacts on forecast
ment System (WMO SDS-WAS) to provide dust forecastsskill. The study period analysed here is outside the primary
for North Africa, Europe and the Middle East. Routine eval- biomass burning seasons in Amazonia and central Africa but
uation of the operational dust forecasts against AERONETthese impacts are being evaluated in on-going separate stud
observations as well as other operational dust models highies.
lights the good skill of the Met Office dust forecasiel- Inclusion of the indirect aerosol effects from the prognos-
radellas et a).2013. Further extending this capability to in- tic aerosols have large global impacts on cloud formation and
clude other aerosol species would provide additional benefitplanetary albedo. The large reduction in low cloud amounts
for global environmental prediction. in high-latitude, clean-air regions improves model radiation
In this study, the impact of including the direct effect from and temperature biases. Similar large impacts found in South
prognostic aerosols on the mean forecast skill is comparaAsia are dominated by the large sensitivities to the change in
ble to including the direct effect from the aerosol climatolo- CDNC rather than due to the direct absorption by the preva-
gies, with impacts found to be small or neutral. However, lent haze layers in this region. The role of absorbing aerosol
larger regional impacts are found primarily in dust dom- in controlling the strength and variability of the South Asian
inated regions. Due to the better dust representation ovemonsoon has been hypothesised in a number of studies (e.g.:
North Africa in the AER simulations compared to both the Lau et al, 2006 Ramanathan et al2001). The negligible
CLIM and INIT simulations, significant beneficial improve- impacts found in this study could be due to either miss-
ments are found in the model OLR biases over West Africa.ing aerosol sources in this region or unrepresentative opti-
Indeed, the very different model responses to the differental properties for these absorbing aerosol species. The opti-
dust representations shown in FR{L highlight that despite  cal properties of both dust and biomass burning aerosol are
numerous advances made in characterising the physical arlthsed on aircraft measurements made over Afigak@n-
optical properties of mineral dust aerosol in a number of air-ski et al, 2007 Haywood et al. 20035 and might not be
craft and ground-based measurement campaigagwood  appropriate for this region. While investigations into these is-
et al, 2011, 20033 Johnson et al201]) large uncertainties sues are beyond the scope of the current work, it is clear that
still remain. Further constraining these uncertainties is keya consensus on aerosol impacts on the South Asian monsoon
for an accurate representation of the dust radiative impacts itis far from being reached and further research is required.
both NWP and climate models. Itis also likely that the highly
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Large sensitivities to the change in CDNC from fixed val- aerosol loading falls back to that of the model’'s own clima-
ues used in the current operational NWP system to values ditology by T + 120 h of the forecast. The good predictive skill
agnosed from the CLASSIC aerosol scheme highlight gros®f the aerosol forecasts produced using the CLASSIC aerosol
errors in the current simple representation of aerosol indirecscheme highlights the potential capability of this system for
effects in the model. Consequently, as a first step to improvthe prediction of high-impact aerosol events, such as large
ing aerosol—-cloud-radiation interactions in the global NWP dust storms or forest fires.
model, inclusion of the indirect effects from the aerosol cli- The most notable benefit of including an improved
matologies has been evaluated and implemented in the mosterosol representation and hence more realistic aerosol—
recent global configuration of the MetUM. One of the key cloud-radiation interactions is the improvement in the ra-
benefits of the MetUM is that the same physical model isdiation budget of the model. A significant improvement in
used from short-range NWP to climate timescale predic-model OLR biases over the desert regions of West Africa are
tions. Inclusion of both the direct and indirect effects from found when mineral dust aerosol is included in the model.
speciated aerosol climatologies derived from the CLASSICDue to the different mineral dust loadings and size distribu-
scheme means that for the first time there is a consistentions used in the different aerosol simulations the response
treatment of aerosol processes across the Met Office corto the direct radiative effect of dust correspondingly varies
figuration of models from NWP to climate, an objective in and the AER simulation gives the best improvement in model
the development of a seamless prediction system in the MeDLR bias. Evaluation of the impact on the SW radiation at
Office (Senior et al.2010. Implementing a fully prognos- TOA is more difficult due to the heterogeneity of the under-
tic aerosol scheme in the operational global NWP configuradying surface, but dust generally increases the reflected SW
tion of the MetUM would even further benefit these seamlessradiation at TOA leading to a slight degradation in the ex-
prediction aims. Furthermore, aerosol forecasts produced udsting SW bias at TOA. The indirect aerosol effect leads to
ing short-range high-resolution forecasting systems can b& net TOA cooling in regions where low-level marine cloud
more easily evaluated against a wide range of near-real-timbas increased, particularly in the stratocumulus regions off
aerosol observations. Findings from such routine evaluationshe west coast of Africa and South America. A significant
would feedback into aerosol model development and leadvarming is found at high latitudes in the NH and to a smaller
to improved aerosol predictions on both NWP and climateextent over open ocean regions in the SH. This is caused by
timescales and subsequently improve our estimates of the dsensitivities to the first indirect aerosol effect with a signifi-
rect and indirect aerosol forcing on climate. 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
8 Conclusions with observations in clean marine air regio&r¢h et al,

2012 Bennartz 2007 and improves the bias in the surface
A number of model simulations have been conducted toSW downward radiation at the North Slope of Alaska ARM
investigate the impact of increasing the aerosol complexsite. The subsequent warming of the NH leads to a local im-
ity in short-range weather forecasts using the global NWPprovement of~ 1K in the NH temperature cold bias during
configuration of the Met Office Unified Model. A hierar- the study period. Height biases are also improved in the NH
chy of aerosol representations was evaluated. These includezhd tropics when the indirect aerosol effects are included in
a simple one-dimensional climatology with fixed properties the model. The net TOA perturbation due to including the
for land and ocean (CNTRL), three-dimensional monthly- direct and indirect aerosol effects in the initialised simula-
varying speciated aerosol climatologies (CLIM), fully inter- tions is approximately 2 W ir? smaller than the correspond-
active aerosols modelled using the CLASSIC aerosol schem@g uninitialised experiment. This is due to the higher NH
(AER) and finally initialised aerosol simulations using as- aerosol burden and consequently slightly higher CDNC val-
similated aerosol fields from the GEMS aerosol forecastingues in the INIT simulation.
system (INIT). Both direct and indirect radiative effects were  Aerosol impacts on the global mean model precipitation
evaluated and the impact of each aerosol representation aand circulation are found to be small in the short-range
the NWP model performance was assessed. forecasts evaluated here. However, the direct aerosol effect

Forecasts of AOD from all aerosol simulations were com-reduces precipitation by 1-3 mmddayover the NH sub-
pared against ground-based AERONET and satellite obsettropics where the model has a significant positive bias com-
vations. The prognostic aerosol simulations demonstrateghared with TRMM observations. All prognostic aerosol sim-
a significant improvement in skill compared with CLIM in ulations weaken the anticyclonic flow over India. Further sig-
predicting the spatial and temporal variation of AOD in the nificant enhancement of the low level monsoon flow over the
short-range 5-day forecasts evaluated. Initialisation with thelndian Ocean and Bay of Bengal is found in simulations in-
GEMS aerosol generally resulted in a higher aerosol load-cluding the indirect aerosol effect. The large cloud forcing
ing in the NH except for dust source regions. The impactover the TP and Indo-China regions enhances the heat low
of the initialisation is relatively short and the mean global over the TP increasing errors in the low-level monsoon flow
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