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ABSTRACT

The real-time treatment of interactive, realistically varying aerosols in a global operational forecasting

system, as opposed to prescribed (fixed or climatologically varying) aerosols, is a very difficult challenge that

has only recently begun to be addressed. Experiment results from a recent version of the NASA’s Goddard

Earth Observing System (GEOS-5) forecasting system, inclusive of interactive-aerosol direct effects, are

presented in this work. Five sets of 30 five-day forecasts are initialized from a high quality set of analyses

previously produced and documented, to cover the period from 15 August to 16 September 2006, which

corresponds to the NASA African Monsoon Multidisciplinary Analysis (NAMMA) observing campaign.

Four forecast sets are at two different horizontal resolutions, with and without interactive-aerosol treatment.

A fifth forecast set is performed with climatologically varying aerosols. The net impact of the interactive

aerosol, associated with a strong Saharan dust outbreak, is a temperature increase at the dust level, and

a decrease in the near-surface levels, in agreement with previous observational and modeling studies.

Moreover, forecasts in which interactive aerosols are included depict an African easterly jet (AEJ) at slightly

higher elevation, and slightly displaced northward, with respect to the forecasts in which aerosols are not

included. The shift in the AEJ position goes in the direction of the observations and agrees with previous

results.

1. Introduction

The role of the Saharan air layer (SAL) has been

suggested to be relevant to weather forecasting over the

tropical Atlantic since at least the early 1970s (Carlson

and Prospero 1972). In addition to the thermal effects

due to its intrinsically high heat content, the role of dust

in terms of direct radiative effects has been intensely in-

vestigated for several decades (e.g., Carlson and Benjamin

1980). Surface- and space-based measurements of atmo-

spheric optical thickness (AOT) go back to the late 1970s

(e.g., Carlson and Wendling 1977) but the possibilities

of merging modern-era satellites with data such as those

from the Moderate Resolution Imaging Spectroradi-

ometer (MODIS) or Cloud-Aerosol lidar and Infrared

Pathfinder Satellite Observation (CALIPSO) give us a

much more accurate understanding of the aerosols’ op-

tical properties (e.g., Remer et al. 2008; Omar et al. 2009).

Among the various effects of dust over the tropical

atmosphere, Dunion and Velden (2004) suggested a role

of dust unfavorable to tropical cyclogenesis. One point

of their argument, among other issues, is the increased

static stability induced by midtropospheric warming and

surface cooling. Wong and Dessler (2005) investigate

the thermodynamic structure and the dust content of the

SAL, showing that the warmer and drier air is located

below 700 hPa, with the largest temperature anomalies

around 850 hPa. This structure raises the lifting con-

densation level and level of free convection, increasing

the energetic barrier to convection and thus leading to

reduced occurrences of deep convection. Consistent

findings are also obtained by Lau and Kim (2007) and by

* Additional affiliation: Universities Space Research Association,

Columbia, Maryland.

Corresponding author address: Oreste Reale, Laboratory for

Atmospheres, NASA Goddard Space Flight Center, Greenbelt,

MD 20771.

E-mail: oreste.reale-1@nasa.gov

504 W E A T H E R A N D F O R E C A S T I N G VOLUME 26

DOI: 10.1175/WAF-D-10-05025.1

� 2011 American Meteorological Society



Sun et al. (2008) on a seasonal time scale. Wong et al.

(2009), in a comprehensive study that makes use of both

MODIS data and modeling results, confirm that positive

temperature anomalies are associated with the SAL

around and below 600 hPa, with a cooling effect below

925 hPa. Reale et al. (2009a, hereafter RA09a) and Reale

and Lau (2010), relying upon a global data assimilation

and modeling effort and the production of high quality

analyses, also suggest that high dust content is associated

with a thermal dipole: relatively warm at 600–700 hPa

and cooler at about 900 hPa or below. RA09a’s findings

are supported by the fact that the finite-volume dynamics

of version 5 of the National Aeronautics and Space

Administration’s (NASA) Goddard Earth Observing

System (GEOS-5) is particularly suitable to maintaining

fine thermal features avoiding unrealistic dispersions.

Recent climate sensitivity experiments using general

circulation models have shown that the radiative effects

of Saharan dust tend to draw the Atlantic ITCZ north-

ward toward the southern edge of the dust layer, and

induce large-scale north–south- and east–west-oriented

divergent circulations that affect the African easterly

waves and rainfall variability of the West African mon-

soon and climate of the Atlantic (Lau et al. 2009; Kim

et al. 2010). Wilcox et al. (2010) have shown from ob-

servations that the temperature structure associated with

Saharan air outbreaks is consistent with previous work,

and that one of the effects of dust outbreaks is a north-

ward shift of the intertropical convergence zone (ITCZ).

Also within the operational forecasting modeling frame-

work, evidence has been provided by Tompkins et al.

(2005) indicating that an improved representation of

aerosols (i.e., seasonally varying instead of fixed) leads

to a more correct representation of the African easterly

jet (namely, a northward and upward shift, in agreement

with observations).

In this article, a further step is made in this direction:

climatologically varying aerosols are replaced with in-

teractive aerosols that are fully consistent with the me-

teorology at every time. This is one of the first successful

attempts to insert the radiative effects of realistically

varying aerosols into a global operational framework,

designed to produce real-time weather forecasts. Sec-

tion 2 describes the model used and the aerosol treat-

ment, and section 3 describes the experiments performed.

Section 4 presents the results, in terms of aerosol im-

pacts on forecasting, first verifying the global skill, and

then focusing on two major dust outbreaks observed

over the western subtropical Africa and the northern

tropical Atlantic during the third special observing phase

(SOP-3) of the NASA African Monsoon Multidisciplin-

ary Analysis (NAMMA). The impacts of interactive-

aerosol treatments in these two cases are found to be

very relevant on a regional scale and represent further

improvement with respect to the climatologically varying

aerosols. Section 5 aims at a dynamical understanding of

the results, and section 6 states the conclusions of this

work. It will be shown in this article that the inclusion of

the radiative effects of interactive aerosols (and particu-

larly Saharan dust) within a global modeling framework

substantially improves the representation of the African

easterly jet and may therefore impact the forecast skill of

tropical cyclogenesis in the eastern Atlantic. The results

are consistent with those of Lau et al. (2009), Kim et al.

(2010), and Wilcox et al. (2010), and confirm that the

direction started by the pioneering work by Tompkins

et al. (2005) needs to be further pursued.

2. The model

The global data assimilation and forecasting system

used is the NASA GEOS-5, documented in Rienecker

et al. (2008). The GEOS-5 combines the gridpoint sta-

tistical interpolation (GSI) analysis algorithm, devel-

oped by the National Centers for Environmental

Predictions (NCEP) (e.g., Wu et al. 2002) and modified

by the NASA Global Modeling Assimilation Office

(GMAO), with the NASA atmospheric global forecast

model. The forecast model shares the same dynamical

core (Lin 2004) with the so-called finite-volume general

circulation model (fvGCM), also known as the GEOS-4,

which has performed very well in studies focused on

tropical cyclones (e.g., Atlas et al. 2005), but contains

a different set of physical parameterizations, partly de-

veloped by the NASA GMAO. The GEOS-5 version

used in this study is very similar to the one that has been

used to produce the Modern Era Retrospective-analysis

for Research and Applications (MERRA), documented

by, among others, Bosilovich et al. (2010).

However, the GEOS-5 used for this work differs pri-

marily from the MERRA version because of the aerosol

interactive component, which is a new feature currently

implemented also in the most recent operational version

of the GEOS-5. The aerosol component used here also

represents a further step with respect to the previous

transport model described in Colarco et al. (2010), which

merged the Goddard Chemistry, Aerosol, Radiation

and Transport Model (GOCART) with the GEOS-4.

The transport model described by Colarco et al. (2010)

allows the treatment of dust, sea salt, and carbonaceous

and sulfate aerosols, producing realistic aerosol distri-

butions (validated against ground- and satellite-based

measurements), which are consistent with the dynamics

and the meteorological fields produced by the GEOS-4.

In the version used in this study, aerosol transport pro-

cesses (advection, diffusion, convection) are provided
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by the host GEOS-5 model, with the aerosol-specific

processes (emission, deposition, simplified sulfate chem-

istry) as in Colarco et al. (2010). The direct aerosol ra-

diative effect is included in the GEOS-5 while indirect

effects on cloud–precipitation processes are not included

at the present time.

3. The experiments

Five sets of 5-day forecast experiments (of 30 fore-

casts each, for a total of 120 five-day forecasts) at two

horizontal global resolutions of ½8 or 1/48 (more pre-

cisely, 0.58 3 0.678 and 0.258 3 0.338, both with 72 ver-

tical levels) are performed. For all sets of forecasts, each

individual 5-day forecast is initialized at 0000 UTC. The

first forecast of the series is initialized at 0000 UTC

15 August 2006, the last at 0000 UTC 14 September

2006. All forecasts are initialized from the same set of

analyses used in RA09a. These were produced by as-

similating all conventional and satellite observations

used operationally at that time, but with a much denser

level of coverage from the Atmospheric Infrared Sounder

(AIRS), obtained by ingesting quality controlled cloudy

retrievals instead of clear-sky radiances, following the

methodology discussed in Susskind et al. (2006, 2007).

As discussed in Reale et al. (2008, 2009b) and in RA09a,

AIRS-derived information in partly cloudy regions sub-

stantially improves the analyses, particularly in the tropics.

All of the experiments described in this article are

therefore initialized with the same analyses but differ

among themselves in their resolutions of the forecasts,

and in their inclusion or exclusion of interactive aerosols.

The fifth additional experiment includes climatologically

prescribed aerosols, with a previously produced climato-

logical aerosol distribution employed as in Colarco et al.

(2010). The experiments are named NOAxx (no aerosol),

IAAxx (interactive aerosol), and CLAxx (climatological

aerosol) with the suffix xx indicating the 0.508 or 0.258

forecasts, respectively. For the climatological aerosol

case, only the experiment CLA50 is performed. The pe-

riod covered by the experiments includes, among others,

two strong dust outbreaks associated with SAL that af-

fected western Africa and the eastern tropical Atlantic:

one occurred on about 24–28 August 2006 and the other

on 10–14 September. These are the two SAL outbreaks

that are the focus of the impact study discussed in this

article.

One important aspect of the experiments’ formulation

is that sea surface temperatures (SSTs) are prescribed

and are the same (Reynolds optimum interpolation, O/I

v.2) in all NOAxx and IAAxx experiments. The impli-

cation is that dust-induced near-surface temperature

changes over ocean may be underestimated in these

experiments, since the ocean does not have the possi-

bility to adjust.

4. Results

a. Global impact

The role of interactive aerosols in general circulation

models has been shown to be very important in a num-

ber of studies (e.g., Kim et al. 2006; Masaru et al. 2007;

Kim et al. 2010). Changes in the thermal structure of the

atmosphere due to the proper treatment of the aerosol

radiative direct effect can lead to major changes in the

circulation and may positively impact our ability to model

a variety of phenomena ranging from subseasonal vari-

ability to climate change.

However, no operational center has yet implemented

interactive aerosols in a global weather forecasting sys-

tem. Being a state-of-the-art model improvement, it is

important that the benefits of such major change are

carefully considered. The 500-hPa geopotential anomaly

correlation is a standard metric for assessing the impacts

of an observational innovation in a data assimilation

system or a change in a model. While making sure that

modifications to the system do not cause a deterioration

of the forecast skill according to this metric is crucial, it

is also important not to discard such modifications just

because they do not bring major improvements in the

anomaly correlation score.

This appears specifically to be the case for the im-

plementation of interactive aerosols in the operational

global weather forecasting system GEOS-5. The 500-hPa

anomaly correlations for all four sets of 30 five-day

forecasts are computed against operational NCEP anal-

yses: the impact, according to this metric, is virtually zero.

In other words, the insertion of interactive aerosols does

not affect the globally averaged skill of the system. In

Fig. 1 the anomaly correlations of NOA50 and IAA50 are

compared; the 0.258 forecasts provide identical results

(not shown). The lack of global impact of the interactive

aerosol is understandable because the production of

dust is confined to few areas of the world, and does not

occur at all times even in the dust-producing regions. At

the same time, it is also important to notice that the

forecast skill does not degrade as a consequence of the

insertion of aerosols, which represents a major change in

the model’s physics. Moreover, the lack of impact on the

500-hPa anomaly correlation computed globally does

not mean that there is no impact on other quantities such

as surface temperatures, wind shear, etc.

In fact, it is crucial to emphasize that, for states of the

atmospheres associated with specific weather systems,

at times in which dust production is strong, and selected
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regions are analyzed, the impacts of aerosol insertion

are very large and dynamically relevant. In this work we

focus on the impact on the African easterly jet (AEJ),

which flows, with a predominantly easterly component,

at about 650 hPa and about 158–208N, and which is

partly controlled by meridional temperature gradients

over the Sahelian region. The importance of the AEJ

in controlling a variety of atmospheric events spanning

from weather to climate scales is well recognized (e.g.,

Asnani 2005). In particular, it is accepted that a mecha-

nism of the Charney–Stern kind, which include both

barotropic and baroclinic instabilities (e.g., Thorncroft

and Hoskins 1994; Hsieh and Cook 2005), is one of the

causes controlling the growth of disturbances extracting

energy from the AEJ. These instabilities are strongly

constrained by vertical and horizontal shears, and as

such the position, intensity, and confinement of the AEJ

in a model are crucial requirements for any meaningful

skill in tropical cyclogenesis. For a modern-era compre-

hensive discussion of previous and contemporary works

on the AEJ structure, representation, and maintenance,

see, among others, Wu et al. (2009), which also empha-

sizes the differences in AEJ representation still existing

among different reanalysis datasets.

Since the effects of aerosols in weather forecasting

cannot be assessed with a global metric such as 500-hPa

anomaly correlation, one must focus on specific impor-

tant atmospheric features such as the AEJ. Moreover, to

detect and understand the impacts of interactive aero-

sols, in this case Saharan dust, is not an easy or obvious

task, because of (a) the intrinsically noisy nature of the

radiative forcing associated with Saharan dust, (b) the

overlapping with strong thermal signal due to the diurnal

cycle, and (c) the inhomogeneous distribution of dust,

rapidly varying in space and time.

Before designing meaningful metrics, it is therefore

crucial to understand the aerosol impacts from a synop-

tic perspective. To this end, two prominent outbreaks

observed during the SOP-3 NAMMA campaign, nota-

ble for their large scale, relatively sharp boundaries, and

clear signal, are selected as a focus for this work, to show

examples of a strong impact associated with dust.

b. The 25–29 August dust outbreak

The first event discussed in this article is a strong dust

outbreak observed during SOP-3, which moved from

Africa to the Atlantic between 25 and 28 August. RA09a

and Reale and Lau (2010) suggest that the amount of

dust associated with this event produced a tempera-

ture dipole (cool at about 900 hPa and warm at about

600 hPa), whose effects propagated well into the At-

lantic. However, RA09a did not yet have the capability

of interactive aerosols and their study is based on a

comparison between the MODIS aerosol optical depths

(AODs), and on the temperature structure in the GEOS-5

analyses and integrations (Reale and Lau 2010). In this

work the presence of a thermal dipole possibly associated

with dust is reviewed in light of this new NASA tool.

As a first step, it is important to verify that the above-

referred dust outbreak is represented well in the simu-

lations. Figure 2 shows the outbreak as represented by

the 36-h forecast (the atmospheric optical depth is com-

puted by the GEOS-5 from the aerosol total mass col-

umn, via extinction coefficient) initialized at 0000 UTC

24 August, and a composition of AOTs obtained from

MODIS instruments on board both the Aqua and

Terra satellites, corresponding to the verification time of

1200 UTC 25 August. Figure 2 shows that the GEOS-5

reproduces a strong dust outbreak intercepting the

African coastline at about 208–308N and then recurving

southward at about 208W and northwestward at about

258–358W.

Figure 3 shows the same outbreak, as captured by a

36-h forecast initialized on the following day, at 0000 UTC

25 August 2006. By comparing the observed AOD from

1200 UTC 26 August with the forecast, it can be seen

that GEOS-5 again captures well the westward propa-

gation of the dust edge, and even produces a very thin

low-dust channel between the two major high dust re-

gions centered at about 158N, 30–408W and 258N, 20–

308W, respectively. On these grounds, it can be safely

stated that there is a major dust outbreak in the GEOS-

5, and that its timing and scale correspond well with the

MODIS data.

The second step is to investigate the impact of this dust

outbreak on the temperature structure, as represented

FIG. 1. Anomaly correlation plots for 500-hPa height, averaged

from 908S to 908N: black line, interactive aerosol; red line, no aerosol.

Virtually no global impact can be detected from the insertion of

interactive aerosol treatment into the model.
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by the GEOS-5. Figure 4 shows the temperature impact

of aerosols at 108W, from the same simulations in Fig. 2,

and the corresponding aerosol vertical distribution. An

evident strong thermal dipole, very similar to the one

discussed in RA09a and Reale and Lau (2010), and

previously by Dunion and Velden (2004), can be ob-

served: a heating of about 18–1.58C between 850 and

500 hPa, and a cooling in the lower, near-surface, levels.

This finding is also consistent with Wong et al.’s (2009)

results, which explain how the dry air in the SAL can

have a cooling effect below the dust layer and, to a lesser

extent, in the cases with higher AOTs, also above the

dust layer. It is interesting to note that some level of

cooling at the top of the dust layer can also be seen in

Fig. 4 at about 450–500 hPa and 228–288N, in agreement

with Wong et al. (2009). A very similar pattern in the

IAA25 minus NOA25 temperature structure across the

same latitude range and at 108W can be seen also in

Fig. 5, where the corresponding aerosol impact on tem-

perature is computed from the 36-h forecast initialized

on the following day (0000 UTC 25 August) and veri-

fied at 1200 UTC 26 August. The simulations at 0.508

provide consistent results (not shown) but with diluted

values and smoother gradients. As discussed in RA09a

and Reale and Lau (2010), the resolution of 0.258 is

substantially better than 0.508 when investigating the fine

structure of the AEJ. It is particularly important to note

the very good correspondence between the aerosol mix-

ing ratio vertical distribution and the induced temper-

ature anomaly in both Figs. 4 and 5.

Because the AEJ and the wind over the region are

strongly controlled by lower-level temperature gradients,

a change in the thermal structure must have an impact on

the AEJ and more generally on the circulation. In Fig. 6

the vertical profiles extracted from a 108-h forecast in the

GEOS-5 integrations (NOA25 and IAA25) are compared

with the corresponding profiles of the temperature and

zonal wind component, obtained from the vertical

ground-based soundings from the Cape Verde Islands,

at 14.98N, 23.58W (radiosonde data available online at

http://namma.msfc.nasa.gov). The most evident impacts

on temperature are a warming of up to 18C between 875

and 750 hPa, and at about 550 hPa, and a slight cooling

from the near-surface levels up to 900 hPa. The obser-

vations are colder than the NOA25 at 900 hPa, and

warmer than NOA25 from 875 to about 600 hPa, in-

dicating that the radiative effect of the aerosol in the

IAA25 case forces the model in the right direction. The

FIG. 2. (top) The 36-h forecast (initialized at 0000 UTC 24 Aug

2006) of extinction optical thickness computed from the GEOS-5 at

550 nm and (bottom) observed MODIS optical depth at 1200 UTC

25 Aug 2006.

FIG. 3. As in Fig. 2, but for next day.
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temperature anomaly profiles correspond well to the

profiles in Wong et al. (2009) that are computed for

higher AOTs (their Fig. 2). The climatological run

CLA50 does not have any cooling at the 900-hPa level,

but produces some relative warming between 875 and

650 hPa. The overall CLA50 minus NOA50 temperature

curve is smoother and more regular than the IAA25

minus NOA25, which is as expected from a climatologi-

cally varying forcing and from the lower resolution.

The zonal wind panel shows that the verifying analysis

and the observational profile match very well, confirm-

ing the overall good quality of the analyses, as previously

discussed by RA09a. When it comes to the forecasts,

however, the intrinsic difficulty of weather forecasting

in a tropical environment becomes evident. In fact, the

108-h NOA25 forecast has a negative bias with respect

to the observations, of about 4 m s21, from the surface

to 800 hPa. This is a large bias for an important feature

such as the wind on the southern flank of the AEJ.

However, the quality of the forecast improves thanks

to the insertion of the aerosol treatment. In fact, the

aerosol impact is very clear in the lower levels, reducing

the bias of about 40%. The impact is virtually zero (not

shown) above 400 hPa, where dust is almost absent. It is

important to stress that when there is no or minimal dust

production, the impacts on temperature and zonal wind

are totally negligible (not shown). This is a relevant as-

pect to keep in mind when designing metrics to validate

the forecast impacts of aerosols in a model. In addition,

one must consider that the radiative effects of dust are

controlled by the diurnal cycle and the distribution of

aerosols is very noisy. The wind profile forecast obtained

from the run with climatologically varying aerosol is

very smooth, and fits the observations better than the

other runs only in the lowest levels, up to 850 hPa.

However, at the jet level, the CLA50 forecast substantially

underestimates the AEJ strength (of about 6 m s21) and

cannot produce the observed double maximum, which is

instead captured quite well in the IAA25 forecast.

To obtain a clearer signal on the wind field and of

the AEJ structure, a 5-day average across the forecast

initialized on 25 August is performed at 108W (Fig. 7).

There is an evident impact in the zonal wind structure,

indicating a northward and upward shift in the AEJ,

consequent to the change in the temperature fields, as

expected from the thermal wind relationship. A similar

thermal anomaly at 108E, and a corresponding north-

ward shift in the AEJ, can be seen in Fig. 8. Again, a

remarkable correspondence can be observed between

the aerosol distribution (also averaged through time)

FIG. 4. Vertical meridional cross section of temperature (8C) at 108W in the GEOS-5 NOA25

simulation at 1200 UTC 25 Aug 2006 (36-h forecast, initialized at 0000 UTC 24 Aug) (solid lines

with whole numbers); IAA25 2 NOA25 difference (color shading); and corresponding dust

mixing ratio (1026 kg kg21) (solid lines with decimal numbers).

AUGUST 2011 R E A L E E T A L . 509



and the induced thermal anomaly. The AEJ northward

displacement is also quite evident at any longitude be-

tween 208W and 208E (not shown) and, to a lesser extent,

also in the IAA50 experiments (not shown).

The northward–upward shift of the AEJ becomes

even more evident if a zonal average is performed, span-

ning a longitude range through which the AEJ flows.

We choose the longitudes between 108W and 108E to

illustrate the point clearly; Fig. 9 represents a 5-day

average across a longitude range that is affected by dust

at almost all times during the outbreak. The signal in the

meridional cross section is very clear: a warming of

about 0.38C north of 228N between 850 and 600 hPa, a

cooling below 850 hPa, a northward and upward shift

of the AEJ, and a northward shift of the low-level west-

erly flow at latitudes south of 228N. Since these features

are obtained through a 5-day average across a longitude

range of 208, they represent dynamically meaningful

impacts of the radiative effects of interactive Saharan

dust. As seen in the previous figures, the thermal anom-

aly matches very well the aerosol distribution, even if

the dust mixing ratios are reduced by the averaging through

time and longitudes. A good level of correspondence

with the results by Wong et al. (2009) can be noted.

As for the impacts on the AEJ consequent to the ther-

mal anomalies, the findings in this work are consistent

with those of Tompkins et al. (2005). Prior to that work,

the European Centre for Medium-Range Weather Fore-

casts (ECMWF) operational model tended to represent

the AEJ at a lower elevation and slightly more to the

south than observed. The insertion of climatologically

varying aerosols in the ECMWF model moved the AEJ

in the right direction. This reflects the fact that dust

production is not constant throughout the year, and a

closer-to-reality dust distribution affects the AEJ when

dust production is higher and leaves it unchanged when

dust production is small or negligible. In this article, it is

shown that similar changes in AEJ height and latitude as

found by Tompkins et al. (2005) are being produced in

the NASA global model, when the aerosol distribution

is made more realistic. This work represents a further

step in the direction started by Tompkins, because the

improvement comes by inserting realistic aerosols that

are consistent with the meteorology at each time, in-

stead of climatologically varying aerosols. The impacts

however are observed only and exclusively at those spe-

cific times at which a strong dust outbreak exists. When

dust production is absent, the radiative effects of dust are

not operative, and the dynamics is thus unaffected.

c. The outbreak of 10–14 September

During the SOP-3 campaign, another dust outbreak

was observed, among others, toward the end of the

FIG. 5. As in Fig. 4, but for the 36-h forecast initialized at 0000 UTC 25 Aug and verified at

1200 UTC 26 Aug 2006.
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observing period, transiting along the coast of Africa on

10 September and moving far into the Atlantic in the

following days. As discussed in RA09b, this outbreak

was detected clearly but was weaker than the previous.

As done for the first outbreak, it is necessary to verify

how the GEOS-5 reproduces it: in Fig. 10 the 84-h

GEOS-5 IAA25 forecast of the optical thickness is

compared with the merged AOTs from both the Aqua

and Terra instruments. The structure of the dust dis-

tribution corresponds very well: in both the GEOS-5

forecast and the observations, the western edge of the

dust is at about 458–508W, and an evident corridor of

high dust values, elongated from ENE to WSW, inter-

cepting the African coastline at about 208N, can be also

recognized in both the model and the observations. The

forecast remains skillful up to 108 h. In Fig. 11, the

western dust edge appears at about 558W in the obser-

vations, and is well reproduced in the model forecast. In

addition, the latitude range of the dust outbreak in its

maximum width, ranging from approximately 58 to 308N

at about 408W, is captured remarkably well in the

GEOS-5 simulation. The elongated channel that con-

nects the dust front with its source and intersects the

African coast at about 208 is also reproduced properly.

As in the case of the previous outbreak, the Cape Verde

Islands, located at about 158N, are on the southern edge

of the high-dust corridor.

Figure 12 shows an 84-h forecast of zonal wind and

temperature for the location of the Cape Verde vertical

sounding, validated against the actual observations taken

during SOP-3. The impact of the aerosol on the wind

forecast is quite remarkable, even more so than for the

case in August. The analyses match quite well the ob-

served zonal wind profile but the NOA25 forecast has

a negative bias with respect to the observations, from

the surface to 550 hPa. The insertion of the aerosol

reduces the bias by about 25% in the lower levels, less in

the midlevels. The impact is negligible above 500 hPa

(not shown) and the IAA25 and NOA25 are virtually in-

distinguishable due to the absence of dust in the mid- to

FIG. 6. Vertical profiles of (left) temperature (8C) and (right) zonal wind u (m s21) at Cape Verde (14.928N,

23.498W) in the GEOS-5 NOA25 (green) and CLA50 (blue) simulations at 1200 UTC 29 Aug 2006 (108-h forecast,

initialized at 0000 UTC 25 Aug), verifying analyses (black, open circles), compared with observed soundings (purple,

open circles) at Cape Verde from the SOP-3 campaign. (left) The orange and blue lines represent the IAA25 2

NOA25 and CLA50 2 NOA50 differences, respectively (values are provided along the lower axis); (right) the orange

and blue lines represent the actual IAA25 and CLA50 u components of the wind, respectively.
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upper troposphere. Figure 12 shows clearly that the

insertion of aerosols modifies the lower-tropospheric

temperature structure by warming the layer between

875 and 700 hPa by up to 0.58C. The departure be-

tween the observations and NOA25 is mostly positive

up to 600 hPa, indicating that the effects of the aerosol

are in the same direction as the observations, albeit of

a smaller magnitude and vertical extent. In the same

plot, the results from the forecast with climatological

aerosols CLA50 are also shown. The induced temper-

ature anomaly mostly consists in an homogeneous warm-

ing of about 0.28C from 800 to 500 hPa, and produces

a wind profile that is very smooth and better than the

simulation with interactive aerosols at 750, 700, and

600 hPa; however, the overall simulation with an in-

teractive aerosol leads to a substantially better wind

profile both in the lower levels and at 650 hPa, which is

very close to the level in which the AEJ is maximum.

The simulation with the interactive aerosol produces

an improved representation of the wind structure also

above 500 hPa.

The 10–14 September outbreak is long lived, and the

area around Cape Verde is affected by it for several

days. Additionally, in the 108-h forecast initialized at

0000 UTC 10 September and verified for the same time

(1200 UTC 14 September), the NOA25 wind 108-h

forecast has a negative bias with respect to observa-

tions up to 750 hPa, and a positive bias from 700 to

550 hPa (not shown). The IAA25 108-h forecast profile

is closer to the observations at all levels, decreasing the

NOA25 negative bias in the lower levels and the posi-

tive bias in the midlevels (not shown) and modifying

the temperature structure in the right direction (not

shown).

Overall, Figs. 6 and 12 indicate that the insertion

of interactive aerosols in the GEOS-5 system produces

a remarkable improvement in the wind forecast for a

tropical environment.

In Fig. 13, the error variances of the 84- and 108-h

forecasts for the CLA50, IAA50, and IAA25 simulations

with respect to the observed wind at the Cape Verde

observing location are presented. The purpose of this

FIG. 7. Vertical meridional cross sections of (left) 5-day-averaged zonal wind (m s21) and (right) temperature (8C)

at 108W in the GEOS-5 NOA25 simulation initialized at 0000 UTC 25 Aug 2006. The easterly u max (m s21) is shown

at the bottom of the left panel. In both panels, solid lines with whole numbers represent NOA25 and the IAA25 2

NOA25 differences are color shaded. In the right panel, the solid line with decimal numbers shows the corresponding

dust mixing ratio (1026 kg kg21).
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plot is to assess the improvement (if any) resulting from

the interactive aerosol treatment at two different res-

olutions, with respect to a radiative forcing that is de-

rived from a climatological aerosol distribution. To

assess this improvement in a statistically rigorous way is

not simple because the interactive-aerosol routine is

not invoked when there is no aerosol. Therefore, only

cases in which some aerosol production affects the

station area, or occurs to the north and east of the

station, should be used. It should be noted that aerosol

production may not specifically occur at the validation

point, and no other sites are available at this time. In

addition, there are missing data from the 1200 UTC

soundings at Cape Verde, which limit the number of

days in which the runs can be validated (nine simula-

tions are chosen in our case). So, the comparison is

indicative and cannot be taken as being conclusive

evidence, also considering the limited sample size.

However, Fig. 13 shows that the IAA50 84-h forecast

outperforms the CLA50 at all levels except at 600 and

650 hPa. The higher-resolution IAA25 is the best of the

three at 600 hPa, and outperforms the CLA50 from

700 to 450 hPa. However, the IAA25 has the largest

errors in the lower levels.

In the 108-h forecast, the deficiency of the IAA25

in the lower levels becomes even more evident. How-

ever, the low-resolution forecast with interactive aero-

sols outperforms the simulation with climatological

aerosols at almost all levels. Since the CLA50 and IAA50

are strictly comparable (unlike CLA25 and CLA50,

which differ in aerosol treatment and resolution), it is

reasonable to state that, in these experiments, the use

of interactive aerosols has produced better results than

the use of climatological aerosols. In addition, in both

forecasts, the largest errors are produced by the CLA50

simulations in the midtroposphere. The deficiency of

the IAA25 in the lower levels may be explained by the

fact that the absence of SST adjustments (due to pre-

scribed SST) may penalize the higher-resolution simu-

lation more than it does the IAA50. Also, the boundary

layer parameterizations may have not been optimized

in the higher-resolution simulations.

However, despite the relative high errors of the IAA25

in the lower levels, Fig. 13 shows clearly that the IAA50

errors are smaller than the CLA50, and that both IAA50

and IAA25 outperform the forecasts with climatological

aerosols at the most critical levels in which the AEJ is

located.

FIG. 8. As in Fig. 7, but for 108E.
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5. Discussion

The inclusion of the radiative effects of interactive

aerosols in a global forecasting system is a complex

model development problem, requiring a major effort

in terms of human and computational resources. For

this reason, it is very important to properly assess the

potential benefits.

In the first part of this work, it is shown that the in-

clusion of the radiative effects of interactive aerosols in

the NASA GEOS-5 global models brings no improve-

ment in the global forecasting skill, if assessed through

the conventional metric of global anomaly correlation

for 500-hPa geopotential. However, caution should be

exercised in using this metric alone to accept or dismiss

modeling innovations. In fact, this article shows that

even if the anomaly correlation is unaffected, the major

change in model physics brought by interactive aerosols

induces a substantial modification of the atmospheric

thermal structure in one of the most meteorologically

sensitive areas of the world, the African monsoon and

the northern tropical Atlantic region. Any change in

the low- to midtroposphere thermal structure over the

African monsoon region affects drastically the AEJ

and the low-level monsoonal flow. The importance of

an improved representation of the African easterly jet

cannot be overestimated. However, the scarcity of ob-

servations over the region, often stressed to support ob-

servational experiment such as JET2000 (Thorncroft

et al. 2003) and NAMMA SOP-3, is still considered a

major problem that affects the quality of the repre-

sentation of the AEJ.

Wu et al. (2009) have emphasized how even the most

advanced, state-of-the-art reanalyses, such as the 40-yr

ECMWF Re-Analysis (ERA-40; Uppala et al. 2005),

the NCEP–Department of Energy (NCEP–DOE)

Reanalysis-2 (NCEP R2; Kanamitsu et al. 2002), and

the Japanese Meteorological Agency 25-yr Reanalyses

(JRA-25; Onogi et al. 2007), differ substantially in their

representations of the AEJ. Interestingly, no reanalysis

is produced from a system containing a realistic, in-

teractive aerosol at this time. Moreover, the scarcity of

observations from the area (which prevents us from

gaining a clear depiction of the AEJ from observations

only) does not allow the validation of this northward

shift in a more rigorous way.

However, the experiments described in this article

demonstrate that the radiative effects of interactive

FIG. 9. As in Fig. 7, but for the average between 108W and 108E.
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aerosols in the model, without degrading the global fore-

casting skill, alter significantly the circulation over the

dust-affected region of the tropical eastern Atlantic and

West Africa and provide a substantially improved ver-

tical profile at one validation point.

The introduction of interactive aerosols, varying con-

sistently with dynamics, is a serious challenge requiring

consideration. In this work it is shown that a common

metric used to assess improvement in forecasting skill,

such as 500-hPa anomaly correlation, is not suitable for

evaluating the impacts of the inclusion of interactive

aerosols. At the same time, the results from this paper

demonstrate the need to make the scientific community

aware of the large improvements that arise out of aerosol

implementation for specific areas and times.

Therefore, for areas and events affected by dust aero-

sols, it is important to design meaningful, event-focused,

metrics. To properly design metrics, it is first necessary

to appreciate the events from a synoptic point of view.

To this end, two dust outbreaks observed during the

NAMMA campaign during August 2006 are investigated

with the aid of the GEOS-5 forecasting system, inclusive

of the interactive-aerosol component.

It is first shown that the forecast of aerosol optical

depths qualitatively agrees with the MODIS-merged

AOTs from both Aqua and Terra, and then that the

effects of the aerosol on the temperature structure are

completely consistent with previous observational and

modeling studies (e.g., Wong et al. 2009), producing

a thermal dipole (warmer at the aerosol level, cooler

below). In particular, it is shown that the effects of this

thermal anomaly projects into the dynamics and im-

proves the 84- and 108-h forecasts of temperature and

wind profiles, validated against existing soundings. Me-

ridional vertical sections at different longitudes, per-

formed on 5-day averages across the forecast to dampen

the noisy structure of the dust-induced signal, show that

the net effect of the aerosol is a northward and upward

shift of the AEJ. Similarly, a zonally averaged vertical

section, computed along the longitudes most affected

by the dust outbreak (spanning 208 in longitude), also

confirms that the net effect of the aerosol simulation is

a northward (and, to a lesser extent, upward) shift of

the AEJ, in agreement with other modeling studies.

In addition, Fig. 9 suggests a northward displacement

FIG. 10. (top) The 84-h forecast (initialized at 0000 UTC 10 Sep

2006) of the extinction optical thickness computed from the

GEOS-5 at 550 nm, and (bottom) the observed MODIS optical

depth at 1200 UTC 13 Sep 2006.

FIG. 11. (top) The 108-h forecast (initialized at 0000 UTC 10 Sep

2006) of the extinction optical thickness computed from the

GEOS-5 at 550 nm, and (bottom) the observed MODIS optical

depth at 1200 UTC 14 Sep 2006.
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of the westerly low-level monsoonal flow, in agreement

with Wilcox et al. (2010) and related modeling results

(e.g., Lau et al. 2009).

In summary, we can state the following outcome. The

inclusion of radiative effects of realistically varying aero-

sols in the atmospheric GEOS-5 model (with prescribed

observed sea surface temperatures) produces the follow-

ing results:

d no loss of global forecasting skill;
d negligible impacts in areas not affected by dust;
d a reasonable simulation of two strong dust outbreaks

over western Africa and the northern tropical Atlantic

observed during SOP-3, validated against MODIS

data;
d warming at the dust levels (between 800 and 500 hPa)

in correspondence to the observed dust outbreaks;
d no change or slight cooling in the lower, near-surface,

levels;
d a northward and upward shift of the AEJ when dust is

present; a northward shift of the low-level monsoonal

flow;
d improved wind forecast up to 108 h, validated against

observed vertical soundings at Cape Verde, which is

on the southern edge of the dust-affected areas

during both outbreaks;
d no degradation of the forecast occurs by inclusion of

interactive aerosols in the model; and
d the low-resolution simulations in which interactive

aerosols are included show consistently better re-

sults than the corresponding resolution experiments

in which climatological aerosols are used.

Two caveats must be inserted for this study. The first is

that the low-level cooling noted in observational studies

(e.g., Dunion and Velden 2004) is substantially larger

over the ocean, compared to the one reproduced in these

experiments. The reason is that sea surface temperature

(SST) is prescribed in both NOAxx and IAAxx experi-

ments, because the atmospheric model is not coupled

with the ocean. Therefore, the SST forces the lower levels

to remain unchanged. In addition, the SST cooling con-

sequent to high-dust production, as discussed by Lau and

Kim (2007), cannot be reproduced in these experiments.

The second caveat refers to the fact that the warming

of the dust-affected levels is also somehow smaller than

in observational studies. This may be due to the limita-

tions intrinsic in a gridded representation of a very

FIG. 12. As in Fig. 6, but for 1200 UTC 14 Sep 2006 (84-h forecast, initialized at 0000 UTC 11 Sep 2006).
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finescale feature, which may need even higher resolu-

tions to be properly represented. Finally, it is impor-

tant to emphasize that the aerosols are completely

modeled, from production to transport. No observed

aerosol information is inserted in this version of the

model. As a consequence, it is likely that dust concen-

trations are inferior than reality, despite the fact that the

modeled dust distribution, as seen in Figs. 2, 3, 10, and 11,

qualitatively matches MODIS-observed distribution. This

aspect can be improved only by the next-generation ef-

fort, which will attempt to assimilate observed AOTs.

6. Concluding remarks

In this article we have shown that the use of in-

teractive aerosols in the GEOS-5 data assimilation and

forecasting system does not produce any loss of global

skill but substantially changes the thermal structure over

northwestern tropical Africa, during two observed dust

outbreaks (one occurred around 24–29 August, and the

other around 10–14 September), affecting the circulation

and particularly the AEJ representation. In both cases

wind and temperature anomalies induced by aerosols

are consistent with the vertical aerosol distribution, and

agree with previous observational and modeling stud-

ies. Temperature and wind forecasts produced during

both outbreaks are validated with vertical soundings

at Cape Verde, showing that the insertion of interactive

aerosols improves the forecast up to day 5 for both

events, at one validation point. These changes occur

only when dust is present: in the cases where dust is

negligible, the insertion of aerosols in the model does

not degrade or affect the forecast.

The conclusion of this work is that the insertion of

aerosols is definitely a worthy subject in a global fore-

casting model, and warns against dismissing the issue

because the standard metric of the 500-hPa anomaly

correlation does not show a global impact. In fact, in-

teractive realistically varying aerosols affect prominent

atmospheric features, namely the African easterly jet,

the low-level monsoonal flow, and the overall thermal

structure over western Africa, which are immensely

FIG. 13. Vertical profiles of zonal wind forecast error variance (m2 s22), validated against the Cape Verde (14.928N,

23.498W) soundings. The lines represent the GEOS-5 CLA50 (blue), IAA50 (red), and IAA25 (orange) for the (left)

84- and (right) 108-h forecast error profiles, for 7 and 9 simulations, respectively.

AUGUST 2011 R E A L E E T A L . 517



important for tropical forecasting. An improved thermal

representation of the area leads to improved forecasts

of African easterly waves and possibly of the transfor-

mation of some of them into tropical cyclones.

The issue of the sensitivity of tropical cyclogenesis

with respect to SAL is still an open one partly because

of models that are unable to fully capture the detri-

mental effects of the SAL, according to Pratt and Evans

(2009). In this sense, a more accurate thermal repre-

sentation of the air mass surrounding a developing trop-

ical low, which would be a consequence of an accurate

aerosol treatment, is likely to lead to a better genesis

forecast. One goal of this article is therefore to advo-

cate for operational models dealing with Atlantic trop-

ical weather to insert some treatment of aerosols.

In addition, it is likely that the radiative properties of

dust, mixing with black carbon from biomass burning,

could even increase the absorption and strengthen the

effects described in this article. In particular, the choice

of the single scatter albedo (SSA) is very important. In

this work, the SSA for dust is 0.93 for the mean dust

particle size distribution (following Colarco et al. 2010),

quite close to values found by Jeong et al. (2008) over

northern Africa (ranging from 0.915 to 0.959 for two

events in September 2006). However, SSA is a sensitive

quantity, likely to change when dust is mixed with black

carbon or other mineral constituents. Over Asian des-

erts, for example, the range of SSA has been shown to

vary from 0.87 to 0.94 at 412 nm, according to different

source regions, with variations possibly linked to dif-

fering levels of iron oxide content (Hsu et al. 2006).

The limitation of this work is to rely upon modeled

aerosol production and distribution. The next step,

namely real-time use of satellite-derived aerosol infor-

mation in global models, is a very recent development

of the most advanced data assimilation systems. In this

regard, the NASA GMAO is currently attempting to

assimilate real-time AOTs from MODIS, which may

represent the future direction for this kind of research.
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