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Abstract. Inclusion of the direct and indirect radiative ef- including a more realistic treatment of aerosol-cloudriate
fects of aerosols in high resolution global numerical weath tions in global NWP models and the potential for improved
prediction (NWP) models is being increasingly recognised agylobal environmental prediction systems through the incor
important for the improved accuracy of short-range weathemporation of more complex aerosol schemes.

forecasts. In this study the impacts of increasing the aéros
complexity in the global NWP configuration of the Met
Office Unified Model (MetUM) are investigated. A hi-
erarchy of aerosol representations are evaluated ingudinl Introduction
three dimensional monthly mean speciated aerosol clima-

tologies, fully prognostic aerosols modelled using the GEA  \whijle the important role of aerosols in climate prediction
SIC aerosol scheme and ﬁna”y, initialised aerosols Umg a studies has |0ng been recognised (Forster et a|_, 2007, Hay_
similated aerosol fields from the GEMS project. The prog-wood and Boucher, 2000: Houghton et al., 1996) the im-
nostic aerosol schemes are better able to predict the teinporpact of aerosol-cloud-radiation feedbacks in global numer
and spatial variation of atmospheric aerosol optical depthijcal weather prediction (NWP) models is less well under-
which is particularly important in cases of large sporadic siood. Aerosol particles modify the Earth’s radiation bak
aerosol events such as large dust storms or forest fires. |rl‘hrough the scattering and absorption of solar and infda-re
cluding the direct effect of aerosols improves model bi&ises yadiation (he direct aerosol effect). They also act as cloud
outgoing longwave radiation over West Africa due to a bettercondensation nuclei on which cloud droplets can form. Con-
representation of dust. However, uncertainties in dust,ppsequently, increasing concentrations of aerosols cantate
tical properties propagate to its direct effect and the subs mjcrophysical and optical properties of cloudse(indirect
guent model response. Inclusion of the indirect aerosol efgrogol effect) (Lohmann and Feichter, 2005), such as cloud
fects improves surface radiation biases at the North Slbpe 0ghedo (Twomey, 1977), cloud lifetimes and precipitation
Alaska ARM site due to lower cloud amounts in high lati- efficiency (Rosenfeld, 2000). Increased absorption in the
tude clean air regions. This leads to improved temperafurgong-wave (LW) and short-wave (SW) spectral regions due
and height forecasts in this region. Impacts on the globakg the presence of absorbing aerosol species, such as min-
mean model precipitation and large-scale circulation $ield era| dust and black carbon, modifies the atmospheric heat-
were found to be generally small in the short range forecastsing profile affecting cloud cover and atmospheric stability
However, the indirect aerosol effect leads to a strengthenyhich can subsequently impact large-scale circulation pat
ing of the low level monsoon flow over the Arabian Sea andterns (thesemi-direct effects). Aerosol particles can also be
Bay of Bengal and an increase in precipitation over Southeashazardous to human health, severely reducing visibility an
Asia. Regional impacts on the African Easterly Jet (AEJ) areaffecting air quality (Prospero et al., 2001; Prospero,1300
also presented with the large dust loading in the aerosol cli|t has also been proposed that mineral dust aerosol particle
matology enhancing of the heat low over West Africa and provide an effective medium for the efficient transport of
weakening the AEJ. This study highlights the importance, ofpacteria, and potentially pathogens, across large regibns
the globe (Prospero et al., 2005). Furthermore, dust can ad-
Correspondence to: J. P. Mulcahy  versely impact aviation, military operations and techgglo
(jane.mulcahy@metoffice.gov.uk) in dust-prone locations.
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2 J. P. Mulcahy et al.: Aerosol impacts in a global NWP model

Most global climate models include increasingly complex high resolution operational forecasting system using tbe G
aerosol schemes and their influences on climate (BellauirCART bulk aerosol model (Colarco et al., 2010). They argue
et al., 2011; Stier et al., 2005; Ghan et al., 2001). In con-that standard metrics used to evaluate NWP model skill, such
trast, aerosols have historically been poorly represemmed as the global mean 50(Pa geopotential height anomaly, are
global NWP models. Most operational systems prescribenot suitable to assess the impact of aerosols as benefits can
fixed aerosol distributions for the direct aerosol effeatl an often be on local scales associated with significant aerosol
few, if any, incorporate the aerosol indirect effects. TiBise events such as large dust outbreaks or wild fire episodes.
mainly due to the additional complexity and large computa-Grell and Baklanov (2011) advocate the use of fully coupled
tional resources required to include fully prognostic aeto  chemical and weather forecasting systems for both air qual-
schemes in global high-resolution operational forecgstin ity and weather forecasting applications, highlightingnde
systems but also due to a limited understanding of aerosolfits such as improved transport of chemical species in the for
cloud-radiation feedbacks in short-range forecasts. NWHmer and a better representation of chemical species require
systems are constrained at short leadtimes by the data aby the latter. They and other studies (e.g., Grell et al. 1201
similation of near-realtime weather observations which im show that coupling aerosols to radiation and microphysics
plicitly include, for example, the impact of aerosols on at- schemes in high resolution weather forecasting models im-
mospheric temperature profiles. It has been previously asproves forecasts of temperature, wind and also convective
sumed in NWP communities that such advanced data assimavailable potential energy (CAPE) during a significant wild
ilation systems remove the requirement of including intera fire event in Alaska.
tive aerosol schemes but this view is rapidly changing and In this study we investigate the direct and indirect effects
the potential benefits of increasing aerosol complexity andof aerosols in the global NWP configuration of the MetUM.
fully coupling to the meteorology in high resolution syseem The aim of this paper is to determine the appropriate level
is being advocated (Zhang, 2008). s Of aerosol complexity required in operational NWP systems

On NWP timescales (5-10 days), Rodwell and Jungby evaluating a hierarchy of different aerosol represémat
(2008) show an improvement in forecast skill and generalThese aerosol representations span different levels of com
circulation patterns in the tropics and extra-tropics bywgis  plexity ranging from a simple climatological represerdati
a monthly varying aerosol climatology rather than a fixed of aerosols to fully online aerosols coupled to the model
climatology in the European Centre for Medium Range dynamics and radiation. The ability to accurately forecast
Weather Forecasting (ECMWF) global forecasting system.aerosol spatial and vertical distributions is of key imparte
Mineral dust aerosol is the largest contributor to the globa in any attempt to demonstrate the benefits of using online in-
aerosol load and therefore many NWP studies to date haveeractive aerosols over an aerosol climatology. To this end
focussed on the radiative impact of mineral dust in the ma-the development of aerosol data assimilation techniqugs ha
jor dust source regions. Dust induces a thermal dipole gffec substantially furthered our near-realtime aerosol festng
namely a warming within the dust layer and a cooling of the capability. The GEMS (Global and regional Earth system
surface below (Reale et al., 2011; Perez et al., 2006). SucMonitoring using satellite and in-situ data) project sigsze
thermal stratification leads to increased atmospheridlgyab  fully developed an integrated global and regional monitor-
during the day and decreased stability at night, affectig t ing system of the key greenhouse gases, reactive gases and
diurnal cycle of precipitation and wind speed (Zhao et.al., aerosols (Hollingsworth et al., 2008), which has been &irrth
2011; Heinhold et al., 2008). Improved representations ofdeveloped in the follow-on project MACC (Monitoring At-
dust have also been shown to lead to a northward and upwanshospheric Composition and Climate). In this study we use
shift in the African Easterly Jet (AEJ) in better agreement speciated data assimilated aerosol fields from the GEMS sys-
with observations Reale et al. (2011); Wilcox et al. (2010); tem to initialise our interactive aerosol simulations.
Tompkins et al. (2005). 165 We aim to further our understanding of the direct and indi-

The omission of mineral dust in the global NWP configu- rect aerosol effects on the predictive skill of the model oy e
ration of the Met Office Unified Model (MetUM) results in  amining the relative importance of these effects at eadtl lev
a large bias of up to 59/m~2 in outgoing longwave radia- of aerosol complexity on the radiation budget, hydrologica
tion (OLR) fields over West Africa (Haywood et al., 2005). cycle and global circulation patterns in the model. Sec#ion
Milton et al. (2008) attributed biases of a similar magni- describes in detail the model and aerosol configuratiorns use
tude in the surface and TOA SW fluxes to missing absorb-Section 3 gives an overview of the observations used to eval-
ing aerosol species (dust and biomass burning aerosol) ovarate the model’s aerosol, radiation and meteorologicaldiel
the same region. These model biases are not solely limited'he aerosol forecasts are evaluated in Sect. 4. Section 5
to the MetUM and similar TOA biases have been found overpresents and discusses the impacts of aerosols on the model
Northwest Africa using an ensemble of eight different med- radiation fields. Section 6 evaluates the impact on aerosols
els (Allan et al., 2011). on the predictive skill of the model as well as impacts on

Reale et al. (2011) investigate the direct impact of aesosol the model precipitation and circulation patterns. Secfion
in the GEOS-5 (Goddard Earth Observing System) globaldiscusses the significance of these findings for global NWP
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models while a summary and conclusions are providee in In order to investigate the role of aerosols, and the appro-
Sect. 8. priate level of complexity required in a global determiiuist
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
235 Nostic aerosol scheme initialised via near-real time data a
o ] ] ] _ similation. These experiments are described in more detail
The atmospheric simulations in this study use a determini, gect. 2.1. A significant advantage in using the MetUM
istic global NWP configuration of the Met Office Unified 5 these experiments is that the model includes the option
Model (MetUM) (Cullen, 1993) based on thatin the Met Of- , ;s¢ 3 relatively comprehensive prognostic aerosol sehem
fice’s operational NWP suite between 14 July and 2 Novem-c) AssiC (Coupled Large-scale Aerosol Simulator for Stud-
ber 2010; this is designated global NWP cycle G53. Its dy-jeg in Climate), originally designed for use in climate ohan
namical core uses a semi-implicit semi-Lagrangian formu-gimy|ations, and described in more detail in Sect. 2.1.1. Fi
lation to solve the non-hydrostatic, fully-compressibeep 51y the Met Office does not currently have an assimila-

atmosphere equations of motion discretised onto a regulafyp, system for atmospheric composition, so for experiment

longitude/latitude grid (Davies et al., 2005). The radiafi, \yith initialised aerosol fields we use aerosol fields from the

scheme employed is the 2-stream radiation code of Edwardg ey s aerosol forecasting system as described in Sect. 2.1.3
and Slingo (1996) with 6 and 9 bands in the shortwave (SW)

and longwave (LW) parts of the spectrum respectively. The, 1 aerosol representations in the model
atmospheric boundary layer is modelled with the turbulence

closure scheme of Lock et al. (2000) with modifications 14y 1 Jists the hierarchy of model experiments that were
described in Lock (2001) and Brown et al. (2008), whilst ¢qnqycted. The control (CNTRL) simulation includes the

the land surface and its interaction with the atmospherg argjmpest treatment of aerosol and consists of a very basic,

modelled using the Met Office Surface Exchange Schemgy,,_gimensional climatology with fixed aerosol properties
(MOSES, Cox et al., 1999). Convection is represented withy e |and and ocean (Cusack et al., 1998). This was the op-
a mass flux scheme based on Gregory and Rowntree (199Q)5iional aerosol configuration in the NWP model prior to
with various extensions to m_clude down-draughts (Gregory‘]my 2010, after which it was replaced by the more realistic
and Allen, 1991) and convective momentum transport. Larg&nqnthly-mean aerosol climatologies described in Sect22.1
scale precipitation is modelled with a single moment schemerpege aerosol climatologies and their direct radiativectf
based on Wilson and Ballard (1999), whilst cloud is mod- 4y jncluded in the aerosol climatology (CLIM) simulation.
elled using the prognostic cloud fraction and prognostie-co iy prognostic aerosols using CLASSIC are included in the
densate (PC2) scheme (Wilson et al., 2008a,b). AER simulations, while these prognostic aerosol fields are

The horizontal grid-spacing used B375° x 0.5625°, 5 initialised with GEMS aerosol data in the INIT simulations.
which corresponds to a resolution of approximatelykd#0  For the prognostic aerosol simulations, two separate simu-
in the mid-latitudes. This is slightly coarser than thek#5  |ations were carried out in each case, modelling the direct
resolution used operationally in G53, due to the additionalaerosol effect only (AEEDIR and INIT_DIR) and the com-
computational expense in the experiments using prognoshined direct and indirect aerosol effects (AERR_INDIR
tic aerosol. In the vertical, we use the 70 vertical levelsetand INIT.DIR_INDIR). In the results presented in Sects. 5 to
L70(505,205)s0, which has 50 levels below 18n, 20 levels ¢ 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 June-2.1.1 CLASSIC aerosol scheme
24 July 2009, although results presented below do not in-
clude the first 2 weeks, to allow simulations using prog- The CLASSIC aerosol scheme was developed by the Met
nostic aerosol some time to “spin-up”. We perform two Office Hadley Centre for use in climate model studies and
main forecasts per day, each 5 days in length, initialised ats described in detail by Bellouin et al. (2011). Up to eight
00:00UTC (002) and 12:00UTC (12Z). The atmospheric aerosol types can be explicitly modelled in CLASSIC as ex-
state in these forecasts is initialised using a continuougernal aerosol species: sulphate, biomass burning, fiosdil
6 hourly cycle of four-dimensional variational data assimi black carbon (FFBC), fossil fuel organic carbon (OCFF),
lation (4D-Var) (Rawlins et al., 2007), the land surfacengsi  sea salt, mineral dust, nitrate and secondary organic @eros
a soil moisture analysis scheme (Best and Maisey, 2002y=antermed biogenic aerosol). The mineral dust scheme used
the sea-surface temperature and sea ice using OSTIA (Opeis based on the mineral dust parameterization described by
ational Sea-surface Temperature and sea Ice Analysis)} (DonNMoodward (2001), with a number of modifications described
lon et al., 2012), which is persisted through the forecase T by Woodward (2011). In addition, we use a spatially fixed
first forecast in the cycle for each experiment is initiadise size distribution of the emitted dust following the approac
from data held in the Met Office operational archive. s of Zender et al. (2003). While CLASSIC does have the capa-

2 Model description and experimental design
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bility of modelling nitrate aerosol, we do not include it ker been shown to be most effective in capturing high AOD
as it requires a fully online chemistry scheme which is cur-events (Morcrette et al., 2009; Mangold et al., 2011), such
rently too costly to run at NWP resolutions. Biogenic aerosolas large dust plumes off the west African coast, which might
is represented by a monthly mean climatology derived tsomotherwise be missed by the free-running aerosol forecast
modelled terpene emissions using the STOCHEM chemistryBenedetti et al., 2009). In the absence of an aerosol data
transport model (Derwent et al. (2003)). Sea salt aerosohssimilation system in the Met Office we use assimilated
is a diagnostic species only, with concentrations of the jetaerosol fields from the GEMS forecasting system to initéalis
and film mode diagnosed from near-surface wind speeds ughe CLASSIC aerosol species in the INIT simulations. We
ing parameterizations developed by O’Dowd et al. (199v),used data from the GEMS near-realtime experiment rather
and does not undergo advection or deposition in the modelthan the more recent MACC forecasts as neither the MACC
All other aerosol species are transported and deposited asear-realtime forecasts nor the reanalysis were avaifable
prognostic tracers by the model’s tracer advection and-depothe June to July 2009 time period at the time the model exper-
sition schemes respectively. Aerosols are removed by weiments were being conducted. The resolution of the GEMS
and dry deposition processes. Dry deposition is parameforecasts was 7159L60, which corresponds to an approxi-
terized analagous to electrical resistance (Seinfeld @md P mately 1.128 horizontal resolution and 60 vertical levels.

dis, 2006). The mechanisms for wet removal of hydrophilic In order to use the GEMS aerosol fields to initialise the
aerosols are via in-cloud scavenging by large-scale and conrCLASSIC scheme in the UM it was necessary to regrid
vective precipitation and below-cloud (washout) largalsc the fields to the UM vertical and horizontal grids as well
and convective scavenging of hydrophobic aerosol. Insor-as map them to the appropriate CLASSIC aerosol species.
der to account for re-evaporation of precipitation, ineclo  The aerosol model used in the GEMS aerosol forecasting
aerosol is transferred to the accumulation mode in proporsystems is based on the LOA/LMD-Z model (Reddy et al.,
tion of the amount of precipitation that re-evaporates ithea 2005) and contains 5 tropospheric aerosol types: sulphate,
model level. Aerosol emissions used to drive the CLAS-sea salt, dust, organic matter and black carbon. Figure 1 is
SIC scheme are taken from the AeroCom-2 hindcast dataset schematic outlining the procedure used to map the GEMS
(Diehl et al., 2012)) and are based on the year 2005. Theerosol species to the equivalent species in CLASSIC. The
emissions are updated daily throughout the model simulamodel variable mapped was the aerosol mass mixing ratio.
tions. The aerosols are free-running in the forecasts aad arSea salt being a diagnostic variable in CLASSIC was not

not constrained by any observations. initialised. GEMS dust has a smaller number of size bins
w0 (3 bins representing 0.03 to 20 microns) than CLASSIC and
2.1.2 Aerosol climatologies so was split between the 6 CLASSIC dust size bins (repre-

senting 0.03-31.6 microns). GEMS contains only one sul-
The current operational global NWP model uses monthlyphate §0,) variable which was split with a ratio &f: 1 into
mean three-dimensional climatologies of mass mixing ratiothe accumulation and aitk&iO, modes of CLASSIC, based
of all CLASSIC aerosol species. Multi-year monthly means on the global mean ratio of these species in CLASSIC cli-
of the aerosol fields are derived from ay@HadGEM-2 cli-  mate simulations. Sulphur dioxid8@-) which is an im-
mate model (Martin et al., 2011) simulation using the CLAS- portant precursor t8O,4 formation along with dimethyl sul-
SIC scheme, except for mineral dust which was derived fromphide (DMS) was not available from the GEMS archive and
a 10yr run. The aerosol fields from these model simulationsso could not be initialised. While CLASSIC has separate
have been shown to compare well with observations @el-dedicated schemes for OCFF, FFBC, and biomass burning
louin et al., 2011), capturing key aerosol features such-asi aerosol, the GEMS aerosol system represents these aerosols
creased biomass burning loadings over central Africa in Janas two species: organic matter (OM) and black carbon. The
uary, dust emissions over West Africa and subsequent transsSEMS OM aerosol includes organic carbon contributions
port across the Atlantic Ocean and pollution over South androm fossil fuel and biomass burning sources as well as hav-

East Asia in the summer. a5 ing a biogenic aerosol component, while the GEMS black
carbon represents both fossil fuel and biomass burnindblac
2.1.3 Initialised aerosol fields carbon aerosol. Consequently, the CLASSIC biomass burn-

ing scheme was not used in the initialisation experiments. |

The GEMS forecasting system includes an operational datatead the biomass burning emissions were split into their OC
assimilation and forecasting system for troposphericadsa. and BC parts and added to the OC and BC emissions used in
within the ECMWF Integrated Forecasting System (IFS).the OCFF and FFBC schemes respectively. This was deemed
Both natural (sea salt, mineral dust) and anthropogenic (oracceptable as the OCFF and biomass burning parameteriza-
ganic carbon, black carbon, and sulphates) aerosol compdions in CLASSIC are very similar, as are the microphysical
nents are represented. The forecasting system includes thend optical properties used for each species (Bellouin. et al
near real-time data assimilation of MODIS total aerosols@p-2011). Thus, the CLASSIC OCFF and FFBC schemes are,
tical depth (AOD) at 55@m. The aerosol assimilation has in this configuration at least, representative of the GEMS or
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ganic matter and black carbon aerosol species. effects are described in detail by Jones et al. (2001). The
The aerosol fields were initialised at the start of ke indirect effects from the aerosol climatologies are cutyen

00Z and 127 forecasts and were subsequently free-runningot included in the model. In this case, the MetUM assumes

through the remainder of the 5 day forecast. As the NWPa constant CDNC of 100 cn? and 300 cm® over ocean

forecast effectively runs frofi’ —3 h, 7'+ 9 h aerosol mass and land respectively. Aerosol impacts on ice clouds are cur

mixing ratios from the 00Z and 12Z GEMS aerosol forecastsrently not included.

were used to initialise the 12Z and 00Z forecasts respdgtive

Comparison of the aerosol optical depth (AOD) at b0

before and after initialisation along with the correspongdis 3 Observations

derived AOD from the GEMS aerosol forecast (not shown)

show that the main impact of the initialisation is to increas

the a}erosol loading in the Northern.Hemlsphere (NH), Where"I'he Aerosol Robotic Network (AERONET) (Holben et al.,

previously there was a factor of 2 difference between the two, : ) .

P . . 1998) is an extensive ground-based observational network
models. After initialisation, there is a much improved agre of sun- and sky-scanning radiometers, which provide oual-
ment between the two models, with a global mean difference ’

in AOD of 0.01. This good agreement gives us confidé‘sﬁce'ty assured measurements of aerosol optical properties fro

that the maopind brocedure emploved is fit for purpose a range of different aerosol regimes across the globe (Hol-
bping p pioy PUTPOSE. ben et al., 2001). In this study, post-processed and quality

assured (Level 2.0) AOD at 44fin is used from a number
of selected stations to evaluate the model derived total AOD

The aerosols are coupled to the model’s radiation and eteudh disparate aerosol regimes.
microphysics schemes allowing the direct and indirect ef-

fects to be modelled. Each CLASSIC aerosol species has-2 MODIS AOD

a prescribed log-normal number size distribution and afset o

wavelength dependent refractive indices as detailed iteTab Tl\f/}ngl\gODerslte dreaom_':_'on |m6:jglz\g Spectr|<|)_rad|ome|;[er
Al of Bellouin et al. (2011). The aerosol optical properties( ) onboard the Terra an qua satellites makes

are calculated offline using Mie calculations and are then av continuous glabal measuremgnts of the upwelling radlaqce
eraged across the shortwave and longwave bands of MeguNAL the top of the atmosphere in 36 spectral bands. Its wide
Hygroscopic growth is parameterized as a function of rel_spectral range, h'gh s.patlal resolution and near dailyalob
ative humidity (Fitzgerald (1975), Haywood et al. (2003b)) COVerage make it an ideal platform to observe the changes
for hygroscopic species. The aerosol optical properti¢isef in global, tropospheric aeros_ol distributions. A number of
aerosol climatologies are the same as those of the full CLASfJIerOSOI products at a I’QSOluEIOI’]KETkm x 10km, m_cludmg
SIC scheme. The resulting optical properties are storéd ifhe spectral total AODAngstéom exponent, and fine-mode
look-up tables for use during the model integration by the ra AOD, are derived over both land and ocean using 7 of these

diation scheme. The semi-direct effect is implicitly indad V\I/?ell—callbr?teld Z%%r;nels'&géhe region of 4ﬂtm ]EO 2.1l\l/ngIS
as the change in temperature profile due to heating from ab( emer et al., )- measurements from

sorbing aerosol, such as black carbon, feeds back onto thlgave been available since 1999 for the Terra platform and
modelled cloud ;‘ields ' a0 Since 2002 from the Aqua platform. The standard MODIS

Indirect radiative effects are included for all speciessptc aerosol retrieval algorithm for land surfaces (Kaufman et a
y1997) does not retrieve aerosol information over bright
surfaces such as deserts. The “Deep Blue” algorithm has

centration is calculated from the accumulation and dissblv been subsequ_ently developed by Hsu et al. (2.004) for this
urpose. In this study we use a merged Collection 5.1 Level

| mod f the hydrophili i ing th 1(s] ) e
aeroso’ modes o7 the ydrophilic Species Using the aeras daily AOD product, which includes AOD from the “Deep

mass and prescribed size distribitions. The cloud dropleBI " alorith briaht land surf d AOD f h
number concentration (CDNC) is then calculated using the ue” algorithm over bright land surfaces an rom the

Jones et al. (2001) relationship: standard land and ocean algorithms elsewhere.

3.1 AERONET global surface aerosol meaurements

2.2 Treatment of the direct and indirect aerosol effects

drophobic. The total cloud condensation nuclei (CCN) con-

CDNC = 3.75x108(1.0 — exp(—2.5x10"°CCN) (1 3.3 MISRAOD

A minimum value for CDNC o6x10° m—2 is assumed. s The Multi-angle Imaging SpectroRadiometer (MISR) in-
For the first indirect effect, the radiation scheme uses thestrument on board the Terra satellite observes the top-of-
CDNC to obtain the cloud effective radius and cloud albedo.atmosphere (TOA) radiances at 9 different zenith angles, an
For the second indirect effect, the large scale precipitati 4 narrow spectral bands (446, 558, 672 and&6§ (Diner
scheme uses the CDNC to calculate the autoconversion ratet al., 1998). The different viewing angles allows MISR to
R.ut0, Of cloud water to rainwater based on the Tripoli and retrieve aerosol information over bright surfaces (Mactohk
Cotton (1980) autoconversion scheme. The indirect aerosoét al., 1998). Near global coverage is obtained every 9 days
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at the equator, and 2 days at the poles. Measurements @nd the tropical Atlantic Ocean but there are some significan
AOD have been available since the year 2000. In this stidydifferences in the details of this distribution. The CLIMmni
the level 3 daily global MISR AOD product was used at eral dust is located too far north compared with the prognos-

0.5° x 0.5° resolution. tic dust simulations and satellite observations. It haga si
nificant localised dust loading over the northwest of Affica
3.4 TRMM precipitation measurements while the prognostic simulations have a more widespread

s distribution of dust across the whole of North Africa advect
Precipitation measurements are taken from the Tropicajng westwards across the Atlantic Ocean and eastwards from
Rainfall Measuring Mission (TRMM) (Huffman et al., the Horn of Africa across the Arabian Sea in good agreement
2001), which provides high quality infrared precipitation ith hoth MODIS and MISR observations. CLIM also has
measurements and error estimates. The data is availablg significantly higher aerosol loading over China and over
with a 3 hourly temporal resolution and a spatial resolutionthe |ndo-Gangetic Plain. The elevated AODs are not ob-
of 0.25". Coverage extends from 58 to 50° S. served over China, although satellite observations ovsr th
region are relatively sparse. In contrast, both AER and INIT
simulations appear to slightly underestimate the AOD over
the Indo-Gangetic Plain compared with both AERONET (see

3.5 GERB radiation measurements

;Zitefnii;:3eg]séa:\'/logzroys:t"_"ghgeR:ggf:asu2gfgli'tgss§r%ugompari§on at Kar_wpur, India in Fig. 4d) an(_JI MODIS obser-
tinely measures broadband SW and LW radiative fluxes fromvatl_ons in this region. .The eIevat.ed AOD in CLIM can be
TOA radiances (Harries et al., 2005). Calibrated SW radi-attr.'bmed to'the inclusion of the nltrat'e aerpsol climagp, .

v ' S while there is no representation of nitrate in the progosti
ances are converted to fluxes using angular distribution-mod

. : . e aerosol simulations. While anthropogenic emissions obnitr
els, which are themselves a function of the identified scene Pog

type derived from the Spinning Enhanced Visible andin- gen and ammonia are known to be increasing in this region

(Bellouin et al., 2011; Galloway et al., 2004) and are there-
frared Imager (SEVIRI, Schmetz et al., 2002) on Meteosa_lt-fore an important aerosol source, carbonaceous emissions i

8HSER|3 r:as altem?(;gil rﬁolgggé)fda?prﬁxmitely 1: M his region are also likely to be underestimated (Bond et al.
and spatia’ sca'es o - 1he ata has an accuracy 2013) in the prognostic aerosol simulations.

gf 2.r]250{;> for_|SWf|rLad|ce;r|;cReBa_nd 0.96 % for Id‘W |rrad|e_m5<ée. The AER simulations tend to underestimate the AOD over
e\l/Jarlfug:ior?t;‘l fhg l\t/I:tUM are Igis\‘/tg:]nzgln;ﬁgn étts alfs‘(ezglltl)ethe high Iatitudgs in the NH. Again, this is most likely cadls_e
and Allan et al. (2007) ' _by thellack of nitrate aerosol in the (?LASSI.C'scheme, which
' ' is an important aerosol source in industrialised areas such
as Europe and China. This bias is improved in CLIM, and
ses also in the INIT experiments where the main effect of the

The US Atmospheric Radiation Measurement (ARM) pro- initialisation, as already stated in Sect. 2.1.3, is thatamd
gram (Ackerman and Stokes, 2003) produces a wide rang8f @erosol inthe NH. _

of atmospheric measurements at a number of locations across Figure 3 presents the timeseries of AOD from all aerosol
the globe. We use surface radiative flux measurements fronsimulations afl’+120 at a number of selected AERONET
broadband radiometers to evaluate the SW and LW dé&vnSites where mineral dust is the predominant aerosol species
welling and upwelling components. Radiative flux measure_Figu!re 3a and b considers the model performance at two sites
ments are made every minute. In this study we use the ARMElatively close to dust sources (Saada (N18” W) and So-
climate modelling best estimate products (Xie et al., 2p10) lar Village (24 N, 46° E)). Capo Verde (16N, 22° W), off

where the data have been quality controlled and processed /€ West African coast and La Parguera’(lif 67° W) in
a 1 h temporal resolution. s5 the Caribbean Islands, shown in Fig. 3c and d are sites which

frequently observe large amounts of transported dust. $h du

source locations, the prognostic model simulations captur
4 Evaluation of aerosol forecasts the temporal variation and magnitude of the dust remark-

ably well. By design, CLIM exhibits little diurnal variatio
In this section we evaluate the skill of the forecasts of AQD in these dry, arid regions and is therefore not able to cap-
produced in the prognostic aerosol and CLIM simulations.ture the day-to-day variability and misses a number of large
Figure 2 shows the global mean spatial distribution of sim-dust events, notably between the 3 and 5 July. Dust transport
ulated AOD (55Gim) at 7'+ 120 h into the forecast (day across the Atlantic Ocean also appears to be well represente
5) from all simulations. Also shown are the correspondingin the AER and INIT simulations, particularly at La Parguera
mean spatial AOD distributions from MISR and MODi&. At Capo Verde, which is close to the major dust source region
Qualitatively, the spatial distributions from all modetsila- of the Sahara desert, the prognostic simulations appedrto a
tions compare well with the satellite observations. All mod vect too much dust from West Africa and CLIM has a smaller
els capture the mineral dust plume observed over West Africaverall mean bias at this location.

3.6 ARM radiation measurements
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A similar comparison is shown in Fig. 4 for regions of pre- of other model errors such as general circulation and temper
dominantly anthropogenic aerosol. Over Europe, the largeature errors.
urban centres of Paris (48!, 2° E) and Rome (41N, 12° E) A significant positive bias of between 20 andWan 2 is
are presented and for Asia, Kanpur in India {2 80° E) clearly seen over northwest Africa in the CNTRL simulation
and Hong Kong in China (ZN, 114 E) are shown. Ovess (Fig. 6a), in agreement with the Haywood et al. (2005) study
Europe, the initialised simulations exhibit a small pesiti which also used the Cusack aerosol climatology. With the
bias (mean bias of 0.02 and 0.07 at Rome and Paris respe@iclusion of mineral dust (Fig. 6b—f), the positive bias & n
tively) while the uninitialised simulations tend to undgtie  tably reduced in regions dominated by mineral dust aerosol.
mate the AOD by a similar magnitude (mean bias-@.02  CLIM (Fig. 6b) reduces the OLR by too much in the re-
and —0.03 respectively). Overall, the agreement betweengions of highest dust concentrations to the east of the Atlas
model and observations is good for the prognostic simulaMountains and Algeria, leading to a large negative bias. The
tions, although a few large AOD events are missed at theAER simulations (Fig. 6¢ and d) largely remove the bias with
Asian sites, for example at the end of June at Kanpur anda residual negative bias persisting over Algeria and stretc
on the 14th July at Hong Kong. The temporal variability of ing east towards the Bodele depression where the model pro-
the AOD in CLIM, particularly at Kanpur and Paris, is dste duces more dust than in the other aerosol simulations. In the
solely to the large variations in the relative humidity imsth  INIT simulations (Fig. 6e and f) the improvement in the OLR
area and leads to large positive biases in these regionsi(medias is smaller than in the AER simulations. This is due in
bias of 0.24 and 0.12 at Kanpur and Paris respectively). part to smaller dust loadings in the initialised simulatiat
It is worth noting that the mean bias in AOD from the short forecast lead times.
INIT simulations is smaller than the bias in AER AODsat  The dust size distributions in all three aerosol represen-
the beginning of the forecast. Figure 5 shows the timeseriegations (CLIM, AER, INIT) are also different (not shown).
of AOD atT + 24 at Saada, Capo Verde, Rome and Kanpur This has important implications for the dust radiative forc
and highlights the impact of initialising the aerosol fields ing. The size distribution of the dust climatology used in
AER gives better agreement in dust source regions such aSLIM peaks towards the larger size bins which subsequently
Saada, but away from source at Capo Verde INIT advectsidesgives a larger impact in the LW spectrum. The fixed size
dust than AER over the Atlantic Ocean in better agreementistribution of the emitted dust in the AER simulations is
with the AERONET observations. It should be noted that thebased on the observations of D’Almeida (1987) and peaks
GEMS forecasting system does not assimilate observation# bin 4 (1-3.16 ). The INIT dust has more mass in the
of AOD over bright surfaces such as the Sahara desert dusubmicron particle range following the GEMS dust size dis-
to the limitations of the standard MODIS land retrieval algo tribution and subsequently is less radiatively efficienthia
rithm (Kaufman et al., 1997). Thus, the initialisation isno LW and more efficiently scatters SW radiation (see Fig. 7).
expected to have a positive impact in these regions. At anThis size distribution has been subsequently revised in the
thropogenic locations, such as Rome and Kanpur, while AERatest operational MACC forecasts. As already discussed th
underestimates the AOD in most cases INIT has a smalleimpact of the GEMS initialisation reduces with forecastlea
bias. Overall, such good agreement with the observationgime, so that by day 5, the dust distribution is very simitar t
highlights the positive impact of initialising the CLASSIC the uninitialised dust distribution.
fields with GEMS assimilated data at shorter forecast times. Figure 7 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
5 Impacts on radiation eo a less well defined error signal, but the CNTRL simulation
has a predominantly positive bias over this region. The im-
The impact of aerosol on the model radiation fields was aspact of the dust can be seen in Fig. 7b and c, with the CLIM
sessed by comparison against all-sky radiative flux measuredust reducing the positive bias over northwest Africa but in
ments derived from GERB measurements. Figure 6 showsreasing the bias over the dark ocean surface of the Mediter-
the mean model bias in OLR at the start of the forecast@veranean Sea. Conversely, the prognostic simulations iserea
West Africa from the 22 June to the 22 July 2009 from all the outgoing reflected SW radiation increasing the positive
model simulations. Both model and observations have beelias across North Africa.
cloud-screened by removing values where both the obser- Figure 8 presents the direct radiative impact of aerosols
vations and model report cloud amounts greater than 50 %on the clear-sky net TOA radiation (sign convention used is
However, it is likely that some residual cloud contamiaa- positive downwards). The clear-sky direct radiative effec
tion remains along the edge of the 50% contour line incalculated as the difference between the top of atmosphere
Fig. 6. As the region south of 28 is predominantly cloud-  clear-sky net radiation from the direct only simulationghwi
contaminated we focus our analysis to the north of this re-and without aerosol, i.eDRE,¢; = TOA,ct— (aEROSOL) —
gion. The impact of aerosols on the model radiation biases iSl'OA ¢ (cnTrL), Where AEROSOL can be from CLIM,
evaluated early in the forecast in order to minimise the #0leAER_DIR, or INIT_DIR simulations. Note this is not a true
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aerosol radiative perturbation as CNTRL still contains a ba (2008) highlighted large positive biases 0 Wm™2) in
sic aerosol representation. The main direct impacts otthe downwelling SW surface radiation over West Africa and
aerosol are the reduction in OLR over West Africa leading linked this bias to the omission of absorbing aerosol sgecie
to a local net TOA radiative warming and an increase in thein the NWP model. With the inclusion of a more realis-
backscattered SW radiation due to dust over the tropicakAttic aerosol distribution the net SW flux at the surface is re-
lantic, biomass burning over Central Africa, and pollution duced in dust regions by 20 to 30m~?2 (not shown). How-
over China, leading to a localised net TOA radiative cooling ever, this is generally offset by an enhanced downwelling
in these regions. The radiative warming seen over northeriW emission from the absorbing mineral dust. A surface
Canada and Russia is due to lower aerosol loadings in thesadiative cooling is seen in areas of high aerosol loadiray ov
relatively clean air regions compared with the Cusack clisma ocean, polluted regions over China and Korea, and in regions
tology, resulting in a reduction in the upwelling SW at TOA of increased amounts of stratocumulus cloud in the simula-
in these regions. INIIDir exerts the largest radiative pertur- tions which include the indirect aerosol effects.
bation with a net global mean TOA cooling 6fL.25Wm 2. A significant positive warming at both the TOA and sur-
The combined direct and indirect effect of aerosols onface is also found over South Asia and India, particularly
the all-sky net TOA radiation is shown in Fig. 9. Inch- in the AERDIR_INDIR simulation. An initial reduction in
sion of the aerosol indirect effects leads to a much largelCDNC over the Tibetian Plateau results in a positive SW
global mean impact than including the direct aerosol effectcloud forcing at short forecast lead times. This is replaced
on its own (see Table 2). A net TOA radiative cooling is by a positive LW forcing at longer lead times due to the sub-
found over Northern and Southern Hemisphere (SH) oceasequent increase in deep convective activity and assdciate
regions where low level stratocumulus clouds are prevalenthigh cloud amount that occurs in response to the SW warm-
namely off the West African and Chilean coastlines. A ra-ing.
diative cooling is also found over regions influenced by an-  All global mean net radiative perturbations due to aerosols
thropogenic emissions such as the Mediterranean Sea and affe summarized in Table 2. A larger cooling at TOA and
the northeast coast of USA. A significant net radiative warm-smaller warming at the surface is found in INDIR due
ing of up to 30Wm ™2, is found at high latitudes in the Nii  to the enhanced scattering of the incoming SW radiation in
and south of 20S. These regions are typically pristine clean these simulations particularly in the NH where the INIT sim-
air regions, with relatively low aerosol concentrationglan ulations have a larger aerosol loading than AER. The TOA
correspondingly low cloud droplet number concentrations.and surface perturbations due to the indirect aerosoltsfiec
Figure 10 shows the meah+ 120 potential cloud droplet the INIT simulations have the same sign as AER simulations,
number concentration (CDNC) in the troposphere from,ghebut are smaller in magnitude due to the reduced cloud sensi-
CLIM and AERDIR_INDIR simulations. Currently, UM tivity in the NH in the INIT simulations. The global mean
configurations which do not include the indirect effects of TOA forcing is 4.18Wm~2 in AER_DIR_INDIR compared
aerosols assume a fixed value of CDNC of ¢80 and  with 2.26Wm~2 in INIT_DIR_INDIR. Corresponding sur-
300cm 3 over ocean and land surfaces respectively. Suchface forcings are 6.80 and 4.8Wm—?2 respectively. The di-
assumptions are gross over-simplifications of the trueidist rect aerosol effect leads to a cooling at the TOA and a warm-
bution of CDNC which is closer to Fig. 10b most notably in ing at the surface while inclusion of the indirect effectads
the high latitude regions. This subsequently leads to effecto an overall warming at TOA and an even larger warming at
tively cleaner air and a reduction in low level cloud (approx the surface. Overall, the prognostic aerosol simulatiavgh
mately 20 %) in these regions in the DIRDIR simulations  a larger impact on the net radiative fluxes than CLIM.
and leads to a strong radiative warming at both the TOA and
the surface. A number of recent studies report aerosol gloudh.1 Evaluation against ARM measurements
condensation nuclei (CCN) values in the Arctic summer to
be less than 106n—2 and in many cases to be as low as Observations from the ARM site at Barrow, Alaska
1cm—3 (Birch et al., 2012; Mauritsen et al., 2011; Bennartz, (156.6 W, 71.3 N) are used to further evaluate the indi-
2007; Bigg and Leck, 2001) which would support the low rect aerosol impacts on the model surface radiative balance
values found in the current prognostic aerosol experimentsin the NH high latitude regions. T+24 h forecasts of SW
AER_DIR_INDIR has in general smaller values of CDNE and LW downwelling $§W qown, LW aown) and upwelling
compared with the INIT simulation, due to the latter hav- (SW,,, LW,;,) radiative fluxes at the surface valid at 00Z
ing higher aerosol concentrations particularly in the NiHhw and 12Z are evaluated. Again the sign convention of posi-
the exception of lower concentrations over dust and biomassive for downward radiative fluxes is used. Figure 12a com-
burning regions of Africa. AEBDIR_INDIR also has low  pares th&sW ., radiative flux at the surface from the CN-
concentrations over high altitude locations such as theoTi-TRL and AERDIR_INDIR simulations with ARM observa-
betian Plateau and the Andes. tions for the full simulation period. The CNTRL simulation
The impact of aerosol on the net surface radiation fromclearly underestimateSW 4., throughout the period with
both AER simulations is shown in Fig. 11. Milton et al. a mean bias of 63/m—2 and was also found to underesti-
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mate theSW,,, component (not shown). The CNTRL moeel has reduced by up te- 0.5K. The location of these bene-
overestimates thEW 4., COMponent at the surface (mean ficial changes in temperature are primarily over remote NH
bias of 18.38Vm~2) and also the emittedlW,, compo-  land regions of northern Canada and Siberia and SH ocean
nent. The underestimation 8W .., and overestimation regions where CDNC concentrations of 300 and &Q03
of LW4own at the surface suggests the model is predictingare obviously too high in CNTRL. These findings confirm
too much cloud in this region and is consistent with Mi- that the more accurate treatment of aerosols and their indi-
ton and Earnshaw (2007) who postulated that similar errorgect effects on cloud formation in clean air regions in globa
found in the surface radiation balance at the same site in boNWP leads to a more accurate simulation of the atmosphere.
real winter are most likely caused by an over-prediction of
cloud or inadequate representation of cloud properties.l\Whe 6.2 Clouds and precipitation
the aerosol indirect effects are included th@/ .., bias
is greatly reduced te-0.59Wm~2 and a much improved We have already seen in Sect. 5 that the indirect aerosol
correlation with the ARM observations is found. The - effects leads to a large positive TOA forcing over the NH
provement in theSW .., bias is found to correlate with high latitudes and a negative forcing over the subtropical
days when the AEEIR_INDIR predicts less cloud than and northern Pacific and Atlantic Oceans. The regions sub-
CNTRL as can be seen in Fig. 12c. In particular betweenjected to the largest TOA aerosol forcing are dominated by
the 27 June and 4 July AERIR_INDIR predicts between low level cloud as shown in Fig. 15a. The impact of the
20-60 % less cloud than CNTRL with concomitant increasesdirect and indirect aerosol effects on model m&as 120
in the SWaown fluxes of between 100-300m 2 improv- cloud amount is shown in Fig. 15b—f. The primary im-
ing the model bias. A smaller impact in th&V 4., cOM- pact of the direct aerosol effect is to reduce low level cloud
ponent was found (see Fig. 12b). The upward surface S\W\amount across the tropical Atlantic Ocean along the path
bias is also improved but not totally removed with the inclu- of the dust plumes being transported west from the Sahara
sion of the aerosol radiative effects. This is potentialig dioss  desert (Fig. 15b and f). When the aerosol indirect effect is
an inadequate representation of the surface propertiéin t included the change in CDNC from the fixed values used in
model such as albedo, snow cover and vegetation type. Ththe DIR and CNTRL simulations to variable CDNC diag-
additional surface SW warming combined with the small im- nosed from the CLASSIC scheme leads to an increase in low
pact on theLW 4. increases the surface temperature andlevel maritime cloud over much of the NH oceans and a re-
subsequently the LW radiative emission from the surfaee isduction in clean polar regions. Marine stratocumulus csoud
increased. off the coasts of Namibia in Africa and Chile in South Amer-

ica are increased by up to 20% in both AERR_INDIR

and INIT_DIR_INDIR simulations (Fig. 15d and f) leading to

6 Impacts on meteorological fields brighter clouds and a negative TOA forcing. In contrastyove
sss  the NH and SH high latitudes the low level cloud decreases,
6.1 Verification against model analysis most significantly over Northern Canada where the low level

cloud is reduced by up to 30%. This leads to a reduction
Figure 13 presents a comparison of e 120 mean errorin  in the outgoing SW at TOA and increases the solar radiation
temperature, geopotential height, and relative humidibs p  reaching the surface. Consequently, this reduction indclou
files over the NH and the tropics from 17 June to 17 July 2809in both the NH and SH high latitudes leads to the improved
from all simulations. The model mean error is calculated temperature biases in these regions discussed above.
relative to each simulations own analysis. The large ra- Notable increases of 10 % in high level cloud amount
diative warming over the NH high latitudes, in response (not shown) were also found over West Africa and south-
to the inclusion of the aerosol indirect effects discussedeast Asia in AERDIR_INDIR and INIT_DIR_INDIR. This
above, leads to an overall improvement in the mean esroresults from a positive surface forcing exerted by the adsos
of temperature and height profiles in both AERR_INDIR in these regions. Over West Africa, the net positive forcing
and INIT_DIR_INDIR simulations. The larger temperature at the surface (see Fig. 11b) is due predominantly to the en-
change found in AEEDIR_INDIR is presumably in response hanced downwelling LW emission from mineral dust. Over
to the larger change in CDNC in the uninitialised CLASSIC the Indo-China peninsula and the Tibetian Plateau the akros
aerosol simulations. A similar but smaller impact is seew inloading is relatively low with an AOD (550m) of less than
the tropics. Figure 14 shows the zonal mean temperature 0.2 and 0.1 in these regions respectively (see Fig. 19). This
ror in the CNTRL and the AEBDIR_INDIR-CNTRL differ- leads to large reductions in CDNC of greater than 50 % rela-
ence. Figure 14a highlights a significant cold bias-df K tive to CNTRL and a subsequent large positive surface warm-
in the NH below 70MPa in the CNTRL simulation. The ing due to the increased SW radiation reaching the surface at
aerosol indirect effect acts to reduce this errorby K. Thesws short forecast lead times. This large radiative warmingy tri
indirect aerosol effect also has a positive impact on tempergers additional convective activity in these regions legdo
ature errors in the SH where the mid-tropospheric cold biasncreases in high cloud amount and convective precipitatio
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at longer forecast lead times. Comparisons of the mean AO®equent reduction in downwelling SW flux at the surface in
(550nm) against a number of AERONET observations on these simulations. The most notable impacts are the reduc-
the Indo-China penisula (not shown) indicate that the unini tions in MSLP over the South Asian monsoon region, North
tialised CLASSIC simulations underestimate the AOD in this Canada and Arctic regions in the INDIR simulations which
region, with the higher aerosol loading in INIT comparigg are colocated with the regions of significant SW warming
better with the observations. So it is likely that the large-s  discussed in Sect. 5. In the following section we focus on the
sitivities seen in this region are due to an inaccurate sggre = more notable regional impacts found over South Asia and
tation of the aerosol emissions or aerosol optical properti West Africa in the form of changes to the important circula-
in this region in the model. tion patterns associated with the South Asian monsoon and
Figure 16 presents the change in the 120 mean globako the African easterly jet.
precipitation rate from each experiment relative to CNTRL.
The CNTRL error shown in Fig. 16b and calculated us-6.4 Regional circulation patterns
ing TRMM observations shows that the model overestimates
precipitation over southeast Asia, the north Indian Oceanfigure 18a shows the 8%Pa wind field over the South
eastern parts of Africa and over much of the tropical PacificAsian monsoon region from the CNTRL simulation. The
Ocean. The model has a negative bias over continental Indifias in the CNTRL wind field is shown in Fig. 18b and high-
and over the tropical north Atlantic. While the global mean lights an overly strong monsoon flow over North India and
impact of the aerosol on the precipitation rate is small atSoutheast Asia. Aerosol induced wind changes are shown in
T + 120 some beneficial impacts are found. Dust and smokeFig. 18c—f. The CLIM simulation was found to have a negli-
aerosol over the Sahel region exerts a semi-direct effect regible impact on the low level circulation and so is not shown
ducing the precipitation over the region by Imsiday here. A consistent response to the aerosol is seen in Fig. 18c
in the DIR simulations and also acts to reduce the positivef With an induced cyclonic circulation opposing the anticy-
biases over Venezuela and Colombia. Precipitation is als&lonic flow over India. This response appears to be due
reduced in the Indo-Gangetic Plain along the southern edgé0 the direct aerosol effect increasing the convergence ove
of the Hima|aya mountain range, an area which shows a Sigthe North Indian Ocean. Figure 19 hlgh'lghts the different
nificant positive bias in the CNTRL simulation. With the in- AOD distributions from CLIM, AER and INIT simulations
clusion of the direct and indirect effects, the trend in falines  in this region. The lack of a circulation response in CLIM
change over the Sahel is not as clear between the differerfian be explained by the low aerosol loadings in CLIM over
aerosol simulations (a small increase is found in AER butthe North Indian Ocean compared to the prognostic aerosol
a decrease is found in the INIT simulation). An increase inSimulations. The impact is strongest in the INIT simulasion
precipitation over the tropical North Atlantic partiallffsets ~ due to the higher AOD over the Arabian Sea compared to the
the negative bias in this region_ It also reduces the pr%|pAER simulations. Dust is the predominant aerosol SpeCieS in
itation over the Indo-Gangetic Plain and northeast Pakista the model in this region and a warming of between 0.1¥D.2
but notably increases the positive bias over southeast Asi# found within the dust layer.
and China. Most of the precipitation over the Indian conti- When the indirect aerosol effect is included the large SW
nent in the model is in the form of convective precipitation. forcing induced over southeast Asia enhances the heat low
The indirect aerosol effects as currently parameterizekdéns across the Tibetan Plateau (TP), increasing the anomolous
MetUM interacts with the large-scale precipitation schemeconvergent flow around the TP, over Southeast Asia and
only and thus the impacts on the convective precipitation inChina. The result is an enhanced monsoon flow over the Bay
this region are due solely to a temperature response to thef Bengal. The impact is largest in the AHRR_INDIR
aerosol. Inaccuracies in both the representation of pitacip  Simulations due to the higher sensitivity to the change in
tion in the model as well as the representation of the aerosoEDNC in this simulation (as discussed in Section 6.2). The

indirect effects will lead to unrealistic responses here. associated SW heating increases atmospheric temperatures
by up to 0.5K over South Asia. This warming begins in the
6.3 Global circulation patterns lower troposphere at short lead times and propagates to the

upper troposphere B+ 120 due to the resultant increase in
Figure 17 shows the mean change in mean sea levelspresonvection.
sure (MSLP) and 92bPa wind fields atT + 120 between Figure 20a shows tHE+ 120 mean zonal wind at 600Pa
the aerosol and control simulations. The CLIM simula- over West Africa from the CNTRL simulation and highlights
tion enhances the heat low over northwest Africa by up toa strong African easterly jet (AEJ) between the equator and
2hPa however the prognostic dust simulations have a much20° N, with maximum intensity between 10 and°18. The
smaller impact in this region. Simulations including the.di meanT + 120 zonal wind bias, shown in Fig. 20b illustrates
rect aerosol effect only increase the MSLP across NH landhat the AEJ is located too far south and the maximum in-
surfaces with the largest increase found in the INIT simula-tensity is also too strong off the west African coast. The
tions in response to the larger NH aerosol loading and subimpact of the different aerosol representations on the AEJ
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is shown in Fig. 20b—d. Dust is the primary contributing concentrated close to the surface and the thermal dipole im-
aerosol species over West Africa and as the indirect effectpact is not observed. Consequently the resulting impact on
of mineral dust are not currently included in the MetUM we the jet structure is not as large as in other studies. The sim-
present the DIR only simulations here in order to examineulated impact of dust on West African circulation and there-
the impacts of the direct radiative effect of mineral dust onfore on the West African monsoon is also highly dependent
the circulation in this region. The CLIM simulation has the on the absorption properties of the dust (Zhao et al., 2011,
largest impact on the AEJ, weakening both the southerzan&olmon et al., 2008). The Balkanski et al. (2007) dust op-
northern flanks of the jet. The impacts are smaller in thetical properties used here are less absorbing than othér dus
prognostic simulations particularly along the southergeed optical properties reported in the literature and used id-mo
of the jet. However, a small enhancement of the jet maxi-elling studies (cf. Ryder et al., 2013b; Zhao et al., 2011,
mum is found and a beneficial northward shift is also seen inSokolik et al., 1993). This will also reduce the dust direct
the INIT_DIR simulation. weo radiative effect in the present simulations. Dust opticapp
Figure 21 presents the impact of aerosol on the verticalerties vary depending on the particle size, chemical compo-
temperature profile averaged betweefi\bband 10 E with sition and distance from source (Ryder et al., 2013a). Using
dust and biomass burning aerosol concentrations overaid aa single set of dust optical properties to model the global ra
contours. All simulations show a significant warming of up diative impacts is therefore a known limitation in globaji
to 1K within the dust layer which is concentrated close tatheresolution dust modelling but is currently necessary gihen
surface and highlights that most of the region north 6fll5  computational requirements of using regionally varying op
is an active dust source region in the model. The warmingtical properties not to mention the uncertainties in thercha
is larger and more regionally extensive in the CLIM simu- acterization of dust physical and optical properties.
lations owing to the much higher localised dust concentra-
tions in the northwest of the region between 20 ané85
The warming begins near the surface (below BD8) at 7 Discussion
short forecast lead times and propagates to above the bound-
ary layer byT +120. This results in an enhanced heatitew The aim of this paper is to establish the potential benefits
over north-west Africa in CLIM as well as an increase in the from increasing the aerosol complexity on global modelfore
upper level convergence decreasing the strength of the AEgasting skill on NWP timescales. Here we summarize our
at 600hPa. In AER.DIR, which has a smaller dust load- findings and discuss the benefits gained from each level of
ing than CLIM, the warming is more confined further south additional aerosol complexity.
than CLIM between 17 and 2. The upper level warmings The first level of increased aerosol complexity involves the
is also smaller than CLIM and as a result a reduced impactuse of monthly mean aerosol climatologies. This is what is
on the AEJ is found. The INIT simulations, as already dis- currently implemented operationally in the global NWP con-
cussed in Sect. 5, have a much smaller dust loading as wefiguration of the MetUM and in the Met Office seasonal fore-
as a different size distribution to CLIM and AER. This leads casting system, GLOSEA (Arribas et al., 2011). One of the
to enhanced scattering above the dust layer and a subseguantin attractions of using aerosol climatologies is thay the
cooling. ByT + 120 the impact of the aerosol initialization notincrease the operational running costs of the modely a ke
has reduced and the INIT dust more closely resembles theequirement in any operational high resolution global fore
AER dust distribution than the GEMS dust forecasts. How- casting system. This study shows that the climatology gives
ever, overall concentrations early in the forecast are mucha reasonable representation of mean aerosol loading howeve
lower leading to a smaller warming near the surface amné ars unable to capture the large temporal variation in AOD.
elevated cooling which persists through the forecast. ThisThis is not surprising given the highly inhomogeneous reatur
leads to a smaller mean impact on the jet structure north obf aerosol distributions (tropospheric aerosols haveamer
15° N. lifetimes ranging from a couple of days to1 week) and
The impact of dust on the circulation over Africa is ex- that the climatologies bear little resemblance to the dgvi
tremely complex and very much dependent on the altitude ofmodel’'s atmospheric state. The impact of including the di-
the dust layer, the dust size distribution and dust opticgdp  rect effect from the aerosol climatologies on the modelfore
erties employed in the model. Elevated dust layers tend taast skill is found to be generally small or neutral. Thedsig
cool the surface below by reducing the incoming SW radia-impacts are found predominantly in dust dominated regions
tion reaching the surface while warming within the dust laye such as the Sahara desert, where the large dust loading en-
itself. This thermal dipole effect tends to stabilise the@tis hances the heat low over northwest Africa and through the
sphere during the day and destabilise during the night-timesemi-direct effect reduces cloud over tropical Atlantiow+
through LW warming (Reale et al., 2011; Lavaysse et al.,ever, the comparison of model OLR against GERB observa-
2011). Many of these studies report a beneficial enhancemerions in this study suggests that the dust climatology l¢ads
of the jet with the inclusion of a representative dust distri  a significant reduction in the OLR over West Africa resulting
tion. In the simulations presented here most of the dust isn a negative bias of up to 3@ m~2. This is most likely due
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to inaccuracies in the representation of mineral dust in theprediction.
climatology. In this study, the impact of including the direct effect from
The next level of aerosol complexity involves coupling prognostic aerosols on the mean forecast skill is compara-
a fully prognostic aerosol scheme to the global NWP ble to including the direct effect from the aerosol climatol
model. The additional tracers required by prognostic adeas gies, with impacts found to be small or neutral. However,
schemes obviously lead to a substantial increase in the rurlarger regional impacts are found primarily in dust domi-
ning costs of the model. However, this study shows hownated regions. Due to the better dust representation over
the use of prognostic aerosol schemes in the AER and INITNorth Africa in the AER simulations compared to both the
simulations gives a much better temporal and spatial distri CLIM and INIT simulations, significant beneficial improve-
bution of the aerosol. Initialising the aerosol with GEMS ments are found in the model OLR biases over West Africa.
assimilated aerosol fields further improves aerosol fatsca Indeed, the very different model responses to the different
particularly in complex aerosol regions such as South Asiadust representations shown in Fig. 21 highlight that despit
(see Fig. 19d and e). There are uncertainties in the aeroseslumerous advances made in characterizing the physical and
emissions and processes as well as the aerosol optical propptical properties of mineral dust aerosol in a number of air
erties used in these simulations. For instance, nitratesaks craft and ground-based measurement campaigns (Haywood
is a notable omission in the simulations carried out here.et al., 2011, 2003a; Johnson et al., 2011) large uncersinti
Nitrate aerosol is also not included in the GEMS aerosolstill remain. Further constraining these uncertaintielseis
model (Morcrette et al., 2009). Therefore even thoughfor an accurate representation of the dust radiative ingpact
the aerosol assimilation improves total AOD comparisonsin both NWP and climate models. It is also likely that the
against AERONET over India for example, the speciationhighly variable nature of biomass burning emissions due to
and subsequent aerosol optical properties used could be iforest fires will have strong regional short-term impacts on
error. One key area where the initialisation does not improv forecast skill. The study period analysed here is outside th
aerosol forecasts is in dust dominated regions. This is@ue tprimary biomass burning seasons in Amazonia and central
an excess of submicron sized dust particles in the GEMS dusAfrica but these impacts are being evaluated in on-going sep
scheme. Using the improved MACC aerosol forecasts indfu-arate studies.
ture studies, which include a revised dust size distrilotio Inclusion of the indirect aerosol effects from the prognos-
improved aerosol assimilation and consequently a smalletic aerosols have large global impacts on cloud formatiah an
AOD bias is expected to lead to significant improvements inplanetary albedo. The large reduction in low cloud amounts
the initialised aerosol forecasts. Apart from this, theralte in high latitude, clean air regions improves model radratio
success of the initialised simulations highlights thelsiiikes and temperature biases. Similar large impacts found infSout
the GEMS and subsequent MACC assimilated aerosol foreAsia are dominated by the large sensitivities to the change
casts. Overall, this increased level of aerosol compléhdty  in CDNC rather than due to the direct absorption by the
an important benefit as it enables the development of a globgbrevalent haze layers in this region. The role of absorbing
environmental prediction capability. The potential uséhef  aerosol in controlling the strength and variability of treugh
global NWP configuration of the MetUM to predict sigeit- Asian monsoon has been hypothesised in a number of stud-
icant aerosol events such as large dust storms, volcanic ashs (e.g.: Lau et al., 2006; Ramanathan et al., 2001). Neglig
events and an increasing number of wild fire episodes wouldle impacts found in this study could be due to either miss-
be extremely important due to the high impact these event$ng aerosol sources in this region or unrepresentative opti
have on daily lives and health of the general public. Opera-cal properties for these absorbing aerosol species. Tlie opt
tional dust forecasts are now available from the current-ape cal properties of both dust and biomass burning aerosol are
ational global NWP configuration of the MetUM at a R based on aircraft measurements made over Africa (Balkanski
resolution. These dust forecasts use a simplified 2-bin veret al., 2007; Haywood et al., 2003b) and might not be appro-
sion of the Woodward (2001) scheme and include a fourpriate for this region. While investigations into these &su
dimensional variational data assimilation of dust AOD de- are beyond the scope of the current work it highlights that
rived from MODIS observations. They are used routingly a consensus on aerosol impacts on the South Asian monsoon
for military planning purposes and are also provided dailyis far from being reached and further research is required.
to the World Meteorological Organisation Sand and Dust Large sensitivites to the change in CDNC from fixed val-
Storm Warning Advisory and Assessment System (WMOues used in the current operational NWP system to values di-
SDS-WAS) to provide dust forecasts for North Africa, Eu- agnosed from the CLASSIC aerosol scheme highlight gross
rope and the Middle East. Routine evaluation of the opera-errors in the current simple representation of aerosotéoti
tional dust forecasts against AERONET observations as weleffects in the model. Consequently, as a first step to improv-
as other operational dust models highlights the good skill o ing aerosol—cloud—radiation interactions in the global NWP
the Met Office dust forecasts (Terradellas et al., 2013)- Furmodel inclusion of the indirect effects from the aerosol cli
ther extending this capability to include other aerosotsgse  matologies has been evaluated and implemented in the most
would provide additional benefits for global environmental recent global configuration of the MetUM (Brooks et al.,
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2013). One of the key benefits of the Unified Model is that cloud-radiation interactions is the improvement in the ra-
the same physical model is used from short-range NWP taliation budget of the model. A significant improvement in
climate timescale predictions. Inclusion of both the ditsec model OLR biases over the desert regions of West Africa are
and indirect effects from speciated aerosol climatologies  found when mineral dust aerosol is included in the model.
rived from the CLASSIC scheme means that for the first timeDue to the different mineral dust loadings and size distribu
there is a consistent treatment of aerosol processes dbeoss tions used in the different aerosol simulations the respons
Met Office configuration of models from NWP to climate, to the direct radiative effect of dust correspondingly eari
an objective in the development of a seamless predictionsysand the AER simulation gives the best improvement in model
tem in the Met Office (Senior et al., 2010). Implementing OLR bias. Evaluation of the impact on the SW radiation at
a fully prognostic aerosol scheme in the operational globalTOA is more difficult due to the heterogeneity of the under-
NWP configuration of the MetUM would even further bene- lying surface but dust generally increases the reflected SW
fit these seamless prediction aims. Furthermore, aerassl fo radiation at TOA leading to a slight degradation in the ex-
casts produced using short-range high resolution forecast isting SW bias at TOA. The indirect aerosol effect leads to
systems can be more easily evaluated against a wide rangenet TOA cooling in regions where low level marine cloud
of near real-time aerosol observations. Findings from sucthas increased, particularly in the stratocumulus regidhs o
routine evaluations would feedback into aerosol model dethe west coast of Africa and South America. A significant
velopment and lead to improved aerosol predictions on bottwarming is found at high latitudes in the NH and to a smaller
NWP and climate timescales and subsequently improueouextent over open ocean regions in the SH. This is caused by
estimates of the direct and indirect aerosol forcing on cli- sensitivities to the 1st indirect aerosol effect with a dign
mate. 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 15 With observations in clean marine air regions (Birch et al.,
2012; Bennartz, 2007) and improves the bias in the surface
A number of model simulations have been conducted to in-SW downward radiation at the North Slope of Alaska ARM
vestigate the impact of increasing the aerosol complerity i site. The subsequent warming of the NH leads to a local
short-range weather forecasts using the global NWP conimprovement of~ 1 K in the NH temperature cold bias dur-
figuration of the Met Office Unified Model. A hierarchy ing the study period. Height biases are also improved in the
of aerosol representations was evaluated. These includelH and tropics when the indirect aerosol effects are inadude
a simple one-dimensional climatology with fixed properties in the model. The net TOA perturbation due to including
for land and ocean (CNTRL), three-dimensional monthly- the direct and indirect aerosol effects in the initialiséd-s
varying speciated aerosol climatologies (CLIM), fullyént  ulations is approximately Wm~—2 smaller than the corre-
active aerosols modelled using the CLASSIC aerosol schemeponding uninitialised experiment. This is due to the highe
(AER) and finally initialised aerosol simulations using as- NH aerosol burden and consequently slightly higher CDNC
similated aerosol fields from the GEMS aerosol forecastingvalues in the INIT simulation.
system (INIT). Both direct and indirect radiative effectsre Aerosol impacts on the global mean model precipitation
evaluated and the impact of each aerosol representation oand circulation are found to be small in the short-range-fore
the NWP model performance was assessed. 10 casts evaluated here. However, the direct aerosol effect
Forecasts of AOD from all aerosol simulations were com-reduces precipitation by 1+8mday ' over 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
predicting the spatial and temporal variation of AOD indhe significant enhancement of the low level monsoon flow over
short-range five day forecasts evaluated. Initialisatidihw the Indian Ocean and Bay of Bengal is found in simula-
the GEMS aerosol generally resulted in a higher aerosotions including the indirect aerosol effect. The large dou
loading in the NH except for dust source regions. The impactforcing over the Tibetian Plateau (TP) and Indo-China re-
of the initialisation is relatively short and the mean glboba gions enhances the heat low over the TP increasing errors
aerosol loading falls back to that of the model's own cliga- in the low level monsoon flow and upper levely tropical
tology by T+ 120 h of the forecast. The good predictive skill easterly jet. These findings are inconsistent with a num-
of the aerosol forecasts produced using the CLASSIC aerosdier of global climate model studies (Lau et al., 2006; Ra-
scheme highlights the potential capability of this system f manathan et al., 2001) and further research is required to
the prediction of high impact aerosol events, such as largdurther our understanding of aerosol properties in this-com
dust storms or forest fires. s plex aerosol region and their impacts on weather and climate
The most notable benefit of including an improved Representation of aerosol indirect effects remains onbeof t
aerosol representation and hence more realistic aerosollargest uncertainties in estimates of aerosol forcing én cl
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mate (Lohmann et al., 2010; Quaas et al., 2009; Lohmann A. A., Xavier, P., McLean, P., Colman, A., and Cusack, S.:
and Feichter, 2005). Therefore, lack of a coupling between The GloSea4 ensemble prediction system for seasonal fore-
aerosols and convective parameterization in the presahy st~ casting, Mon. Weather Rev., 139, 1891-1910, doi:10.1175/
could lead to inaccuracies in the findings particularly fests ~ 2010MWR3615.1,2011. _
tropics. Overall, the impact of the initialized aerosol sim Batmniﬁ}n\r({’ez?gilrzéshg['fo?c?r?u;ns’j 22&2‘;}'2;& :.:rezaeevr?t“\i;t-h
ulations on the global NWP model performance is smaller - o oo AERONET datg, Atmos. Chern. Phy%., 7, 81-95,
than in the uninitialized aerosol simulations. This is @im 2007
ily due to a smaller direct radiative forcing from minerabtiy Bellouin, N., Rae, J., Jones, A., Johnson, C., Haywood, J., and
and biomass burning over West Africa and a reduced sensi- goycher,, O.: Aerosol forcing in the Climate Model Intercom-
tivity to the 1st indirect effect in clean air regions due he t parison Project CMIP5 simulations by HadGEM2-ES and the
higher aerosol loading in the NH. role of ammonium nitrate, J. Geophys. Res., 116, D20 206, doi:
In a general sense, choosing an appropriate level of aerosol 10.1029/2011JD016074, 2011.
complexity for operational global NWP systems shouldebe Benedetti, A., Morcrette, J. J., Boucher, O., Dethof, A., Engelen,
governed by the downstream applications and users of the R.J., Fisher, M., Flentje, H., Huneeus, N., Jones, L., Kaiser,
system. It is clear that increasing the complexity of agdmso ~ J- W., Kinne, S., Mangold, A., Razinger, M., Simmons, A. J.,
in a global NWP model to the extent of incorporating and Sulttie, M.:_ Aerosol analysis and forecas? in the European
a fully interactive prognostic aerosol scheme has largeben Centre for Medlum-R.ar?ge.Weather Forecasts integrated forecast
. . . _ . 1490 system: 2. data assimilation., J. Geophys. Res., 114, D13 205,
fits for developing a global environmental prediction capab doi:10.1029/2008JD011115. 2009.
ity within the Met Office. Furthermore, it epables ‘T" Sear.nIesSBennartz, R.: Global assessm,ent of marine boundary layer cloud
treatment of aerosols across the Met Office configuration of  grgpjet number concentration from satellite, J. Geophys. Res.,
models from high resolution short-range NWP forecasts to 112, D02 201, doi:10.1029/2006JD007547, 2007.
long-range climate predictions. While impacts on the glabalBest, M. J. and Maisey, P. E.: A physically based soil moisture
mean skill of the forecast are small aerosol impacts on these nudging scheme, Tech. Rep. 35, Hadley Centre, Met Office,
timescales are likely to be limited by the sophisticatecadat  Bracknell, UK, 2002.
assimilation systems used in NWP systems. However, |arg@igg, E. K. and Leck, C.: Cloud-active particles over the central
regional benefits in radiation and temperature forecagts-hi ~__Arctic Ocean, J. Geophys. Res., 106, 32,155-32,166, 2001.
light for the first time the importance of including a redtip  Birch. C. E., Brooks, I. M., Tjemstrom, M., Milton, S. F., Shupe,

treatment of aerosol-cloud interactions in global NWP mod- - D- Mauritsen, T., Sediar, J., Lock, A. P., Earnshaw, P., Leck
els C., and Persson, P. O. G.: Modelling the atmospheric structure,

cloud and their response to CCN in the central Arctic: ASCOS
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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

19
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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 —-291 2.04
AER_DIR_INDIR 418 -2.62 6.80
INIT_DIR —-1.48 -229 0.89
INIT_DIR_INDIR 226 -1.81 4.07

J. P. Mulcahy et al.: Aerosol impacts in a global NWP model
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GEMS CLASSIC
sis Dust 1
Dust 1 — Dust 2
Dust 2 = Dust 3
oo Dust 4
Dust 3 = Dust 5
| Dust 6

010 Ait. SO4

S04 <
Acc. SO4
Hydrophobic OM 3}  Fresh OCFF

Hydrophillic OM ———————— Aged OCFF

Hydrophobic BC ———  Fresh FFEC

Hydrophillic BC =———————p  Aged FFBC

Fig. 1. Schematic of the procedure used to map GEMS aerosol
species to CLASSIC aerosol species.
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a) MODIS Global Mean: 0.186 b) MISR Global Mean: 0.18
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c) AER_DIR Global Mean: 0.176 d) AER_DIR_INDIR Global Mean: 0.176
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e) INIT_DIR Global Mean: 0.198 f) INIT_DIR_INDIR Global Mean: 0.197
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g) CLIM Global Mean: 0.181

001 01 02 03 04 05 06 07 08 09 1

Fig. 2. Comparison of model AOD (550m) at 7'+ 120 (day 5) with satellite observations from 24 June-24 July 20@9:MODIS
observations(b) MISR observationgc) AER_DIR, (d) AER_DIR_INDIR, (e) INIT_DIR, (f) INIT _DIR_INDIR and(g) CLIM.
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Fig. 3. Timeseries ofl"+ 120 forecast AOD (44@m) in dust prone location§a) Saadab) Solar Village,(c) Capo Verde andd) La

Parguera.
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(a) PARIS 440nm, T+120 (b) ROME_TOR_VERGATA 440nm, T+120
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Fig. 4. Timeseries ofl" 4+ 120 forecast AOD (44@m) in locations where anthropognenic aerosol is predomif@raris,(b) Rome,(c)
Kanpur andd) Hong Kong.
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Fig. 5. Timeseries ofl" + 24 forecast AOD (44@im) at(a) Saada(b) Capo Verde(c) Rome andd) Kanpur.
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(a) CNTRL-GERB OLR (W m-2)
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Fig. 6. Differences in OLR between the model simulations and GERB observations (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 exceéils 0.



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

(a) CNTRL-GERB RSW (W m-2)
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Fig. 7. Reflected short-wave radiation differences at TOA between modelGERB observations fronfa) 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 re-
moved from the comparison.
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(a) Clear-Sky Net TOA Radiation (W m) (CLIM-CNTRL)
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(b) Clear-Sky Net TOA Radiation (W m'2) (AER_Dir-CNTRL)

(c) Clear-Sky Net TOA Radiation (W m'z) (INIT_Dir-CNTRL)

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.
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Net TOA Radiation (W m?) (AER_Dir_Indir-CNTRL)

Fig. 9. Direct and indirect impacts of aerosol on the all-sky net TOA
radiation atl"+ 120 from AER_DIR_INDIR.
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(a) CLIM (b) AER_DIR_INDIR
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Fig. 10. Potential cloud droplet number concentratioffa¢ 120 from (a) CLIM and (b) AER_DIR_INDIR.
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(a) Net Surface Radiation (W m”?) (AER_Dir-CNTRL)
90N H T

(b) Net Surface Radiation (W m‘z) (AER_Dir_InDir-CNTRL)
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J. P. Mulcahy et al.: Aerosol impacts in a global NWP model

Fig. 11. Radiative impact of aerosol on the net surface radiation at

T +120 from (a) AER_DIR and(b) AER_DIR_INDIR.
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(a) SW down (W m”®) at ARM site: ARM-NSA
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Fig. 12. Timeseries ofla) SW downward,(b) LW downward fluxes at the surface from CNTRL, AHRR_INDIR and ARM surface
measurements at the North Slope of Alaska $iglow cloud amount from CNTRL and AERIR_INDIR.
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Fig. 13. Model verification of(a, d) temperature(b, e) height and(c, f) relative humidity against analysis @+ 120 for the (top row)
Northern Hemisphere and (bottom row) the tropics from all model simuistio
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Mean Error : PS24_JunJul09_Cntrl, T+120
Zonal mean of TEMPERATURE (K)
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Fig. 14. Zonal mean temperature &t+ 120: (a) CNTRL error andb) AER_DIR_INDIR-CNTRL difference.
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(b) CLIM-CNTRL
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Fig. 15. Impact of different aerosol representations on low cloud amoufitfal 20: (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.
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(A) TRMM Data mm/day (B) CNTRL-TRMM

=
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Fig. 16. Impact of aerosol on model precipitation ratargday ') at 7'+ 120 (a) TRMM observations(b) CNTRL error, (c) CLIM-
CNTRL, (d) AER_DIR-CNRTL, (¢) AER_DIR_INDIR-CNRTL, (f) INIT _DIR-CNRTL, (g) INIT _DIR_INDIR-CNRTL. Note different scale
used in(c—g).
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Fig. 18.

(d) AER_DIR_INDIR-CNTRL, (e) INIT _DIR-CNRTL, (f) INIT _DIR_INDIR-CNRTL.
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a) CLIM SE Asia Mean: 0.377
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Fig. 19. AOD at 440nm South Asia atl’ 4120 from (a) CLIM,
(b) AER_DIR_INDIR-CNTRL, (c) INIT _DIR_INDIR, timeseries of
all simulations and AERONET observations(e) Pantnagar and
(e) Gandhi College.
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(a) CNTRL Mean U Wind T+120 (b) 600.hPa CNTRL U Error
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Fig. 20. Impact on 60MPa zonal wind over West Africa &+ 120 (a) CNTRL U wind, (b) CNTRL error,(c) CLIM-CNTRL, (d) AER_DIR-
CNTRL, (€) INIT _DIR-CNRTL.
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(a) 15W-10E CNTRL Temperature T+120 (b) 15W-10E AER_CLIM-CNTRL T+120
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Fig. 21. Zonal cross-section &f + 120 mean temperature averaged betweehWsand 10 E: (a) CNTRL temperaturglb) CLIM-CNTRL,
(c) AER_DIR_INDIR-CNTRL, (d) INIT _DIR_INDIR-CNRTL. Dust concentrations are shown in solid contour lines witarirals 0f0.2 x
10~%kgm 2, Biomass burning concentration are shown in dashed contour line witbuwrdnterval 0f0.002 x 106 kgm 3.



