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The veal-time treatnzent of Interactive, yoeadistically varving aerosol i o global
operational forecasting svstem, as opposed to prescribed {fixed or chmato-
Togically varving) aerosols, s n very dithcnlt eliallenge that only vecently be-
gins to be addressed, Experinent vesults from a recent version of the NASA
GEOS-S forecasting svstem. inclusive of interactive aerosol freatment. are
presented o this work, Four seis of 30 S-day forecasts are initinlized from
a high guality set of analvses previousty produced and documented, to cover
the period fromn 15 Augnst to 16 Septenzber 2006, which corresponds to the
NASA African Monscon Multidisciplinary Analysis (NAMMA) observing cani-
paign. The fomr forecast sets are sl two different horizontal resolutions and
with sud withont interactive acroscl treatiment, The net impact of aerosol,
at times in which there is a strong dust outbreak, is a temperature imcrease
at the dust level, and decrease in the near-surface levels, in complete agree-
ment with previous observational and modeling studies. Moreover, forecasts
i which interactive aerosols ave included depict an Afvican Fasterly Jet at
slightly higher elevation. and slightly displaced northward. with respect to
the forecasts in which aerosols are not included. The shift in the AET po-

sition goes i the direction of cheervations and agrees with previons resulis,

DRAFT July 16, 2010, 4:41pm DRAFT

R P

w8,

R



BEALE ET AL IMPACT OF INTERACTIVE ARROSGL X3

1. Introduction
The vole of the Saharan A Layver (SALY has heen sugzested to be relevant to weather
forecasting over the tropical Atlantie since at least the early "70s [Carlson and Prospero.
L9721 Iy addition to the thermal effect due to its intriusically high heat content, the
role of dust in terms of divect vadiative effect hing been intensely investipated for several
decades {e.g.. Carlson and Benjaanin, T1980]1. Surface- and space-based wmeasurements of
atwospheric optical thickness (AOT) go back to the late "70s {e.e. 1Carlson and Wendling,
19771} but the possibilities of merging modern-era satellites with data such as the ones

coming from Moderate Resolution Imaging Spectroradiometer (MODIS} or Cloud-Aeraosol
Lidar and Infrared Pathfinder Satellite Observation ({CALIPSO) give a much more acou-
rate understanding of aerosols” optical properties {e.e. [Remer et al. 2008, Owmar et al.
2009)

Among the various effects of dust over the tropical atmosphere, Dunion and Velden
[2603] suggested a role of dust unfavorable to tropical cyclogenesis, One point of their
arghnuient, among other issues, is the ncreased static stability induced by mid-troposphere
warming and surface cooling, Similar findings ave also obtained by Lau and Kim 2007}
on a seasonal thme-scale. Reale et al. [2009D], hereafter RAO9h, reiving upon a global
data assimilation and nodeling effort and the production of high quality anayses, also
suggest that high dust content is associated with a thermal dipole: rvelatively warm at
600-700 hPa and cooler at about 960 hPa or below. RA09L findings arve supported by

the fact that the finite-vohune dynamics of the NASA GEOS-5 ix partienlar suitable to

niadntain fine thermal features avoiding nnrealistic dispersions.
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Receut climate sensitivity experiments wsing general cirenfation models have shown that
ractiative effects of Sabaran dust tend to draw the Atlantic ITCZ northward towards the
soitthery edge of the dust laver. and nduce large-seale north-sonth and eastowest orientedd
divergent circulations that affect the African Fasterly Waves and rainfall variability of the
West: African monsoou and climate of the Atlantic [Lan et al.. 2009: Kim et al.: 2010],
Wilcox ot al. [2016] have shown from observational perspective that the temperature
stinctire associated with Saharan air outhreaks is consistent with provious worlk, and that
one of the effects of dust outbreaks is a northward shift. of the Inter Tropical Convergence
Zone (YTCZ). Also within the operational forecasting modeling framework. evidence has

been provided by Tompkins et al. 20050 on that an inproved represeniation of acrosol (Le.
seasonally varving instead of fixed) leads to a more correct representation of the African
Easterly Jet {namely. a northward and apward shift, in agreement with observations).
In this work. the use of interactive acrosol in a global modeling framework provides
resuits fully consistent with Lan et al. [2008] Kim et al, 120101, Wilcox et al. 12010

and coufirms that the direction started by the pioneering work by Tomplins et al. 120075!

needs to be further pursued,

2. The Model and Data Assimilation System

The global data assimilation and forecasting systenm used is the NASA GEOS-3. which

combines the Gridpoint Statistical Interpolation (GSI) analysis algorithm developed by

3. and

the National Centers for Envivonnental Predictions (NCEP) {eg. Wu et al., 1200
modified by the NASA Global Modeling Assimilation Office (GMAQ). with the NASA

atmospheric global forecast model, is docunented i Rienecker et al., 2008]0 The fore-
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cagt model shares the saie dvnandeal cove [Lan, 20040 with the so-called fivite-volmne
General Cireulation Model (feGOM), #lso known as the GEOS-4, bt contains a ditferent
set of phyvsical parametrizations, partly developed by the NASA GMAQ. The Acrosol
fteractive component is a new feature which is carrentiv nuplemented also in the opera-
tienal version of the GEOS-D and is a frther step with respect to the previous transport
model deseribed in Colareo et al. 2000, which merged the Goddard Chemistry, Acrosol.
Radiation and Transpors Model ((j}'()(.ﬁ;\.RT} with the GEGOS-4. The version described
by Colarco et al. 2010] allows the treatment of dust. sea salt, carbonaceous and sulfate
aecrosols, producing realistic aerosol distributions {(validated against ground- and satellite-
baged measurements) which are consistent with the dynamies and the metoorologionl
fields produced by the GEOS-4. In the version used in this study, aerosol transport pro-
cesses (advection. diffusion, convection) are provided by the host GEOS-5 model, with the
acrosol specific processes (emission, deposition, simplified sulfate chemistry) as in Colarco
et al. {2010}, The direct aerosol radiative effect is included in the GEOS-5, while indivect.

effects on clond/precipitation processes are not included at present.

3. The Experiments

Four sets of 30 B-day forecast experiments at two horizontal resolutions (0,57 x 0.67¢
aned 0257 = .83 both with 72 vertical levels), are performed. They are initialized
dailv at 00z, starting at 00z 15 Augnst 2006, from the same sot of analyses used in
RAD9L. These were produced by assimilating all conventional and satellite observations

used operationally at that time. but with a much denser coverage from the Atmospheric

Infraved Sounder [AIRS). obrained by ingesting clondy retrievals nstead of clear-sky
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richiances, As discussed in Reale ot al. 20094 and i RAGODL. ATRS-derived information
i parthy clondy vegions improves the anafvses in the tropics. However, the experiments
described in this article are chiracterized by the nelsion or exclusion of interactive
aerosol, and are usaned NOA L (o aerosol) and TAA {Interactive acrosol) with the

suffix - indicating the 9.50° or 0,257 forecasts respectivelv.

4. Results

As a preliminary meiric to assess the hmpact of Interactive aerosol, the anomaly corre-
lation for all sets of 30 S-day forecasts is compnied against operational NCEP analvses.
The hupact iz virtnally zero: the insertion of interactive aerosol does not affect the giobally
averaged skill of the svstem. In FS1 the anomaly correlations of NOAsy and JAAsy ave
compared; the 0.25° forecasts provide identical results (not shown), The tack of glohal
impact of the interactive aerosol is understandable hecause the production of dust is con-
fined to few areas of the world. and does not ocour at all times even in the dust-producing
regions. However, it is hmportant to notice that the forecast skill does not degrade as a
conseqience of the insertion of aerosols. which represents a major change in the model's
phivsices.

At the same time. it is crucial to emphasize that, for states of the atmospheres associated
with specific weather svstenis, af rimes i which dust production is strong, and selected
regions are analyzed, the impact of aerosol fnsertion is very large and dynamically relevant.
In this work we focus on the hmpact on the African Easterly Jet (AEJ) which flows,
with a predominantly easterly component. af about 450 hPa and abont 157 — 209N and

which is partly controlled by horizontal temperature gradients over the Sahelian region.
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FHCALE 70 AL JRIPACT OF INTERACTIVE ARROSOL X7
To detect and nnderstand the hnpact of interactive aerosols is not an easy or oladons
task. becanse of the ntrinsieally noisy nature of the radiative forciite associated with
dust. the overlapping with strong thennal signal due to the divreal evele. and finally the
imhomogencons distribntion of dust. rapidiy warving i space and thne. In this work, we
adn to show an example of a clear signal associated to amajor dust ontbrealk, We seleet
the strong ounthreak observed during the Special Observing Phase {(SOP-3} of NAMMA,
moving from Africa to the Atlantic between 25 aud 28 August. RAO9L snggest that
this event produced a temperature dipole {cool at about 900 hPa aud warn af about. GOO
LiPa). whose effect propagated well into the Atlantic. However, RAOOD did not have vet the
capability of interactive acrosol and is based on a comparizon between the MODIS AODs.
aid on the temperature structure in the GEOS-5 analvses and integrations [Reale and
Lan 20101 In this work we rediscuss the presence of a thermal dipole possibly associated
with dust, in lieu of this new NASA tool.

Ag a first step, it is important to verify that the above-referred dust outbreak is rep-
resented well in the sinmlations. Figure 1 compares the outbreak as represented through
the total niass colums dust obtained from the 36-hour GEOS-5 forecast, initialized at 00z
24 Angust, and a composition of AOTs obtained fram MODIS instrounents on board both
Aqua and Terra satellites, corresponding to the verification time of 127 25 Apgust. The
Figure shows that the GEOS-5 reproduces a strong dust onthreak intercepting the African
coastline at about 209 — 307N recurving southward at about 200900 and northwestward

at about 25°11 — 35991
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Figure FS2 shows the saune outhreak, as captured by a 36-hour forecast initialized on
the following dayv, at Oz 25 Auvgast 2006, By compariug the observed AOD from 122 26
Augnst with the lorecast, 1t can De seent that GEOS-3 again captures well the westward
propagation of the dust edge. aud evenr produces a very thin low-cdnst channel between the
two major high dast regions cenfered at about 137N 30 — 4091 and 2000 20 — 30717,
respectivelv, Ou these grounds, it can be safely stated that there is 2 wajor dust outhreak

iy the GEOS-5, and that its timing and scale correspond well with the MODIS tata.

The gecond step is to investigate the impact of this dust onibreak on the temperature

strizcture, as represented by the GEOS-5. Figure 2 shows the temperature impact of

acrosols at longitade 107V, from the same simalations in Figo 10 An evidewt srrong
thermal dipole. very similar to the one discussed in RAO9b and previously by Dunion and
Velden 2004} can be observed: a heating of about 17" — 1.5°C between 350 and 500 hPa,
and a cooling in the lower, near-surface, levels. A very similar pattern in the [.445 minus
NO Ay temperature structure across the sane latitude range and at longitude 10°HW can
be seen also in FS 3, where the corresponding aerosol lnipact on temperature is computed
from the 36 hovr foreeast mitialized on the following day {00z 25 August} and verified at

istent results {uot shown) but with

122 26 August. The simulations at 0.507 provide cen
diluted values and smoother gradients, As discnssed in RAOGD and Reale and Lan (2610,
the resolution of 0.237 is better than G3.54% to investigate the fine structure of the AEJL
For this reason, we show only the [4455 0 the following pictures.

Because the AET and the wind over the region ave strongly controlled by lower-level

femperature gradients, o change in the thermal sfrocture must have an fmpact on the
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AR and more generadly ou the cirenlation. Flgure 3 shows the vertical profites exiracted

from a LOR hour forecast in the GEOS-3 integrations (NO Ays and T4 and compared

with the profiles of temperative and zonal wind component, obtained from the vertical

gronnd-hased soundings from the Cape Verde Islamds. at 109N 235901

data avatlable onlive at;

http:/ /namunaansfenasa gov),

{(radiosonde

The most evident mpact on

temperatire is a warning up to 19 between 900 and 700 BPa. and a slight cooling from

the near-surface levels up to 900 hPa. The zonal wind panel shows that the verifving

analysis and the observational profile mateh very well, but the 108 howr NO Ay, forecast

hias a negative bias with respect to the observations, of about 4ms™ !, from the surface to

80GhPa. The impact of the acrosol is very evident in the lower levels, reducing the biag of

about 46%. When no dust prodaction is present. the hmpact on temperature and zonal

wind is negligible (not shown). Also. above 600hPa, the impact of the aerosol is virtually

zero (not shown).

The radiative effect of dust is controlled by diurnal cyele and the distribution of aerosol

s very noisy; therefore, to obtain a clearer signal on the wind field and of the AE)J

structure. a J-day average across the forecast initialized on August 25th is performedd.

There 1s an evident northward and upward shift in the AEJ structure, in the zonal wind

and temperature Helds at 1077 (FS 4) consequent to this thermal anomaly, i agreement

with Tompking et al.

and expected from the thermal wind relationship. We

sce a similar thermal anomaly at WOF and a corresponding nortlyward shift in the AEJ

(F'S 5). The shift i also very evident on anv longitnde between 20717 and 2098 {(net

shownj and. to a lesser extent. also in the (44 experiments (uot shown ). The scarcity
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of ohservations fron: the avea {which prevents from providing a clear depiction of the
AT from observations ondyv) does not allow the validation of this northward shift in a
twore rigorous way. To compare the AR) with reanalyses s also not weaningful since
e reanalvsls is produced from a svster containing vealistic. interactive aerosol st this
tite, However, these experiments demonstrate that the effect of interactive acrosol in the
model, withont degrading the global forecasting skill, alter significantlv the cirenlation

over the dust-affected region and provide an improved vertical profile at one validation

point,

5. Discussion

The introduction of interactive aerosel. varving in agreement with the meteorology, is a
serious challenge requiring consideration. In this work it is shown that the usual metrics
to asses lmprovement in forecasting skill, such as 500 hPa anomaly correlation plots, are
not suitable to evaluate the impact of the insertion of interactive aerosol treatment. On
the contrary. for arcas and events affected by dust aeresols, it Is important to design mean-
ingful, event-focused. metrics. In this work a major dust outbreak observed during the
NAMMA campaign in Angust 2006 is investigated with the aid of the GEOS-3 forecasting
system inchusive of mteractive aerosol component. Tt is first shown that the forecast of
dust total column mass qualitatively agrees with the MODIS merged AOQTs {row both
Agua and Terra, and then that the effect of the acrasol on the temperature stricture is
completely consistent with previous observational aud modeling works, producing » ther-
mal dipole {wanuer at the acrosol level. cooler helow}. In particular. it is shown that the

effect of this thermal ancialy projects iuto the dvnamics and produces an improved 108
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Lonr fovecast of temperative and wind profiles, validated against an existing scunding.

A Deday average across the forecast, to dnpen the nolsy strnctiure of the dust-induces
signal, shows that the net effect of the awrosol simulation s o northward {aud, to a lesser
extent, npward) shifi of the AEL jn agreciment with other modeling studies, FS 4 and 5
adse snggest aporthward displaceinent of the westerly low-level monzoonal flow, m agree-
ment with Wilcox et al. 120000 and related modeling results fe.g. Law et al 20000 In
this work we have also performed the same analysis for another dust ontbreak ocourred

s avoinu] 10-13 September: wind and temperature anomalies of the same sign are obtained,

v albeit of o weaker magnitude, being the outbreak also substantially weaker (not shown).

6. Concluding Remarks

In thiz article we show that the use of interactive aerosol in the CEOS-5 data assimila-
w tion and forecasting system does not hapact the global skill hut substantially changes the
thermal structure over northwestern tropical Africa, during an observed dust ontbreak,
aftecting the circulation and particularly the AEJ representation. We validate the changes
in temperature and wind with a vertical sonnding, showing that the insertion of interactive
aerosol tmproves the forecast up fo day five for this partieniar event. However, the limi-
w  tation of this work is to rely upon muodeled aerosol production and distribution. The uext
step, uamely real-time nse of satellite-derived acrosol information in global models, iz a
we o very recent develepment of the most advanced data assinilation svstems. In this regard,
the NASA GAMAO s cuwrrently attempting to assimilate real-thne AOTs from MODIS,

whicl may represent the futnre divection for this kind of research.

T3
w3
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20101 XXXX-p01l_orig.eps

Figure 1. 36-hour forecast {initialized at 00z 24 Ang 2006 of total mass column aerosol from

the GEOS-5. and MODIS optical depth for 12z 25 Aug 2006
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Figure 2, Vertical Meridional cross-section of temperature (°“) at 10°W in the GEOS-5

NO Ay simalation for 122 25 Aug 2006, (36 howr forecast, initialized at 00z 24 Ang). Shaded:

Pt

A Ay minus NOAys difference.
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Figure 3.  Vertical profiles of Temperature (°(7, left panel) and zonal wind w (ms”t, right
panel} at Cape Verde 14.92°N, 23,407V in the GEOS-5 NOAy; (green) simudation for 12z 29
Aug 2006, (108 hour forecast, initialized at 00z 25 Aug). verifying analyses (black), compared
with observed soundings {purple) at the Cape Verde, from SOP-3 campaign. In the left panel the
orange line represents the T AAy; minus NO Ay difference; in the right panel, the actual TAA

v component of the wind.
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