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Mineral dust aerosol optical thickness (AOT) at 11 ! m and effective radius are 27 

retrieved from ground-based spectral infrared (8-13 ! m) radiance observations collected 28 

by the Atmospheric Emitted Radiance Interferometer (AERI) that was deployed to 29 

Niamey, Niger, in 2006 with the Atmospheric Radiation Measurement (ARM) mobile 30 

facility.  The algorithm used in this study has the ability to differentiate between two 31 

different mineral types, allowing the AOT and effective radius of each mineral, to be 32 

retrieved as long as the minerals have significant and spectrally different absorption 33 

bands in the infrared.  Kaolinite, gypsum, and quartz, common minerals found in African 34 

deserts, have different infrared absorption features and are utilized in this work.  The 35 

mineral combination that yielded the best fit to the observations, after accounting for the 36 

increased degrees of freedom in the dual mineral fits, was identified as the Rradiatively 37 

relevantS composition of the dust.   38 

The results were analyzed as function of period (pre-monsoon, early monsoon, late 39 

monsoon, and post-monsoon) as well as by backtrajectory direction.  Uigh AOT events 40 

occurred in all four periods, with more high AOT events occurring during the drier pre- 41 

and post-monsoon periods.  Kaolinite is an important component to the dust, with 94V of 42 

the retrievals having a significant amount of this mineral.  KaoliniteWgypsum was 43 

determined to fit the spectral observations the best in nearly two-thirds of the 44 

observations.  Additionally, the amount of gypsum was dependent on the backtrajectory 45 

direction, with a larger fraction of the total AOT due to gypsum when the flow was from 46 

east of the Niamey site.   47 

 48 

49 
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1. Introduction 49 

Climate change, and in particular anthropogenic climate change, is arguably one of 50 

the more important issues facing our policymakers today.  However, in order to 51 

characterize and quantify anthropogenic climate change, many components of the climate 52 

system need to be better understood.  In particular, aerosol radiative forcing is very 53 

uncertain in climate models FGchwartz and Andreae 1996J.  Mineral dust composes a 54 

significant fraction of the atmospheric aerosol, yet the total radiative forcing due to dust 55 

can be either positive or negative at the top of the atmosphere due to a large number of 56 

factors such as the size distribution of the dust particles, the optical depth of the dust, the 57 

surface albedo, etc. FTegen et al. 1996J.  Additionally, aerosol forcing in the infrared is 58 

generally not included in many climate models, even though atmospheric dust can have a 59 

large impact on the infrared radiative fluxes at the surface and top of the atmosphere 60 

FPogelmann et al. 2003J.   61 

Mineral dust in the atmosphere is often episodic, and particular atmospheric 62 

conditions are needed to loft the dust from the EarthRs surface into the atmosphere (e.g., 63 

FTashington et al. 2006a,bJ).  Atmospheric dust can impact surface temperatures FTegen 64 

et al 2006J, and due to the radiative heating in the column, dust can also modify the 65 

circulation of the atmosphere FTegen et al. 1996J.  Thus, the impact of dust on climate is 66 

very uncertain FIVCC 2001J.   67 

Atmospheric dust is primarily composed of clay minerals and silicates FWalkovich et 68 

al. 2001J, but the exact composition depends on a multitude of factors including the 69 

parent surface, the process that mobilized the dust initially, and the atmospheric 70 

conditions that are keeping the dust aloft FGokolik and Toon 1999J.  Atmospheric dust 71 
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must be traced back to its source region and the optical properties and chemical 72 

composition characterized in order to improve dust emission and transport models [Kinne 73 

et al. 2003].  74 

A variety of investigators have attempted to retrieve the composition of mineral dust 75 

from ground-based remote sensors.  Dubovik et al. [2000,2002] have developed a method 76 

to retrieve the refractive index of atmospheric dust from AERONET sunphotometer data 77 

[Holben et al. 1998]; however, this method has significant uncertainties when the visible 78 

optical depth is low (i.e., below approximately 0.15).  Kassianov et al. [2005] used solar 79 

direct and diffuse observations from a multi-filter rotating shadowband radiometer 80 

(MFRSR) to derive the refractive index and particle size of dust aerosols, but their 81 

method fails when the aerosol particles are too large.   Koven and Fung [2006] 82 

investigated the differences in dust optical properties in the visible and near infrared over 83 

North Africa.  Dust composition has also been inferred from space-borne MISR 84 

observations [Kalishnikova et al. 2005].  All of these techniques used radiance or 85 

irradiance observations in the visible or near-infrared mainly to characterize the amount 86 

of hematite in the dust, as hematite has an absorption band in the visible portion of the 87 

spectrum. 88 

In this study, we are using spectrally-resolved zenith infrared radiance (8-13 !m) data 89 

to determine the composition of the airborne dust, as well as the optical depth and 90 

effective radius of the dust particles. Rathke et al. [2002] were able to identify the 91 

“radiatively relevant” aerosol composition using spectrally resolved infrared observations 92 

in Antarctica to infer the chemical composition of the aerosol.  As Rathke et al. point out, 93 

some aerosol chemical species do not have spectral signatures in the 8-13 !m band (e.g., 94 
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infrared radiation.  The field-of-view of the instrument is 46 mrad.  The AERI 163 

periodically views two well-characterized, high emissivity blackbodies, one of which is 164 

held at 60GH while the other floats at ambient temperature.  During RADAJAST, the 165 

AERI measured downwelling radiance from the atmosphere for 3 min, and then looked at 166 

each of the blackbody targets for approximately 2 min, resulting in a complete 167 

measurement cycle of about 7 minutes per sky spectrum with excellent signal-to-noise 168 

ratio across the spectrum.   169 

The dust retrieval algorithm assumes that the instrument has good radiometric 170 

calibration.  The absolute calibration of the radiance data is better than 1% of the ambient 171 

radiance (3-! ) and is achieved through accurate monitoring of the blackbody 172 

temperatures (as well as the structural temperatures around the blackbodies) together with 173 

corrections for the instrument self-apodization and non-linearity in the THT detector 174 

[Knuteson et al., 2004b].  The radiometric uncertainty of the AERI observations is 175 

determined from the imaginary portion of the calibration equation [Knuteson et al. 176 

2004b], and thus the scene-dependent instrument noise is determined directly for each 177 

AERI observation.  AERI data have been used to evaluate and improve radiative transfer 178 

models, inverted to retrieve profiles of temperature and humidity, and to retrieve cloud 179 

properties in ice-only, liquid-only, and mixed-phase clouds. 180 

An important feature of all ART AERI systems, including the system deployed to 181 

Yiamey, is that the front end of the optical system, i.e., where the scene-selection mirror 182 

and blackbodies are located, is enclosed and a ventilating fan is used to direct air upward 183 

out of the AERIZs sky port.  The incoming air is filtered to remove any particles, and the 184 

outgoing airflow keeps atmospheric dust from settling on the scene mirror.  If large 185 
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yielded the best single-mineral fit and dual-mineral fit for each sample were identified.  A 300 

statistical F-test was then applied to determine if the best dual-mineral fit was indeed 301 

statistically better than the best single-mineral fit> the best-fit retrieval (whether single- or 302 

dual-mineral) was saved for that AERI observation.   303 

Table 1 goes here 304 

 Finally, while there is information on the vertical distribution of the aerosols 305 

above Niamey from the AMF micropulse lidar, the lidar is sensitive primarily to the 306 

vertical distribution of the fine mode aerosols because it operates at a wavelength of 307 

0.523 ! m.  Thus, we have assumed that the mineral dust is a homogeneous layer (i.e., has 308 

constant infrared eNtinction) from the surface to 1.5 km.  The assumed constant 309 

eNtinction profile may result in a small error in the effective radiating temperature of the 310 

dust layer that translates into an error in the retrieved optical depth> however, the impact 311 

is relatively small for optical depths less than 1.   312 

!"# $%&'()&#313 

The MIQCRA retrievals were applied to all of the cloud-free AERI observations 314 

during the AMF deployment to Niamey, as radiance from clouds (even thin cirrus) would 315 

affect the ability of the algorithm to determine the mineral composition of the dust.  The 316 

micropulse lidar data and the temporal variability of the AERI radiance at 11 ! m were 317 

used to identify cloudy periods and eliminate them from the analysis, but a large number 318 

of samples were analySed since a large fraction of the dataset was cloud-free (e.g., Fig 6).  319 

We first will illustrate the aerosol retrieval algorithmUs capability on a 4-day period in 320 

March when a significant dust storm event occurred in the Sahel.  Then, the results from 321 

the year-long analysis will be presented and discussed. 322 
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Slingo et al. [2007] have indicated that the onset of the monsoon was not as dramatic 392 

over >iamey as is typically experienced at this location.  Thus, we have elected to divide 393 

the year into 4 distinct periodsF a preGmonsoon period when the ITF was south of the 394 

AMF site (from 7 Man to 15 Apr), an early monsoon period that experienced the PfalseG395 

monsoon’ (16 Apr S 3 Mul), a late monsoon period when the ITF was well north of the 396 

AM site (4 Mul S 28 Tct), and a postGmonsoon period when the ITF moved well south of 397 

the AMF site again (29 Tct S 6 Man).   398 

The timeGseries of 11 ! m total for the year is shown in Fig 7, with the four periods 399 

identified.  The dust storm on 7G10 March is clearly the largest aerosol loading event, 400 

from an 11 ! m pointGofGview, during the entire yearU however, there were significant 401 

aerosol loading events in the postGmonsoon period as well as the early monsoon period.  402 

There are relatively fewer ATT retrievals during the two monsoon periods, especially the 403 

late monsoon period, due to the increased presence of clouds.  The distributions of ATT 404 

for the four periods are shown in Fig 8.  The ATT distribution is fairly similar for the 405 

preG and postGmonsoon periods, but the ATTs are significantly smaller during the lateG406 

monsoon period.   407 

Figs 7 and 8 go here 408 

A natural question isF how accurate are the AEYIGretrieved dust optical depthsZ  To 409 

address this question, we compared the 11 ! m ATTs retrieved from the AEYI with the 410 

1.02 ! m ATTs derived from the Cimel sunphotometer (level 1.5) collected at 411 

\anizoumbou in clear sky cases. A Cimel was installed at >iamey but was not 412 

operational until Aug 2006U thus we elected to use the larger data record at \anizoumbou 413 

for this comparison (Fig 9).  The two datasets showed an excellent correlation (r _ 0.913), 414 
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$it' a linear relations'ip of Cimel345671.02 !m; < 2.175 ? MABCC43456711.0 !m; 415 

+ 0.106 GetermineG via simple linear reIression 7JiI 9a;. KsinI t'e level 2 4EC5NE6 416 

Cimel Gata from Nanizoumbou in t'e Romparison R'anIes t'e statistiRs sliI'tlyT yielGinI 417 

a linear relations'ip of Cimel345671.02 !m; < 2.165 ? MABCC43456711.0 !m; + 418 

0.121 anG a Rorrelation RoeffiRient of 0.905T but t'e number of points available from 419 

version 2 is only 1026 vs 6033 usinI level 1.5 Cimel Gata.  6'e WnIstrXm eYponent 420 

GeriveG from t'e 1.02 !m Cimel Gata anG t'e 11 !m MABCC4 retrievals is 0.526 Z 421 

0.232T $'iR' is [uite similar in bot' mean value anG stanGarG Geviation to t'e WnIstrXm 422 

eYponent GeriveG from t'e 0.675 !m anG 1.020 !m Cimel Gata 70.487 Z 0.215;.  423 

\o$everT $'ile t'e mean values anG t'e Gistribution 7JiI 9R; of t'ese t$o Gifferent 424 

WnIstrXm values are similarT t'e Rorrelation is poor 7r<0.095;.   425 

JiIure 9 Ioes 'ere 426 

4s inGiRateG aboveT a siInifiRant R'anIe in t'e $inG GireRtion is assoRiateG $it' t'e 427 

R'anIe in t'e loRation of t'e A6J.  ]linIo et al. ^2007_ s'o$ a substantial GifferenRe in t'e 428 

baR`traaeRtories at 500 m 7$'ere t'e Gust is assumeG to resiGe; for t'e 4 Gifferent perioGsb 429 

t'e preGominate baR`traaeRtory GireRtion is from t'e nort'$est-to-east GurinI t'e pre-430 

monsoonT rotatinI to t'e sout'$est $it' some notable events from ot'er GireRtions GurinI 431 

t'e early monsoon perioGT to beinI preGominantly from t'e sout'-to-sout'$est GurinI t'e 432 

late monsoon perioGT anG t'en rotatinI baR` to a easterly GireRtion GurinI t'e post-433 

monsoon perioGs.  JiIure 10 s'o$s t'e Gistribution of t'e Gaily-averaIeG 4ECA-retrieveG 434 

11 !m 456 as a funRtion of t'e baR`traaeRtory GireRtionT separateG into oRtantsT GurinI 435 

t'e four perioGs.  6'e Iray GiamonGs are t'e aRtual Gaily-averaIeG 456 valuesT $it' t'e 436 

number of samples in t'at oRtant listeG GireRtly belo$ t'e oRtantds label.  6'e filleG blaR` 437 
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determined to have single-mineral compositions typically had 11 ! m A7T values below 484 

0.1@ however, there are also a significant number of cases with A7T C 0.1 that were 485 

determined to have dual-mineral compositions (Fig 11).  The late monsoon was 486 

characterized by flow from the south, low dust aerosol optical depths (Fig 8 and Fig 10), 487 

and significantly larger precipitable water vapor amounts than the pre- and post-monsoon 488 

periods Ke.g., Slingo et al. 2007M.  As the NOP increases, the downwelling radiance is 489 

more heavily dominated by the water vapor emission (which increases by approximately 490 

the sSuare of the NOP in the microwindows used in these retrievals).  Thus, for larger 491 

NOP amounts, the uncertainty in the aerosol optical depth retrieval increases, especially 492 

for cases with low amounts of aerosol, and the Suality of the fit is decreased.  Talli et al. 493 

K2006M point out how fluctuations in NOP, especially when the NOP is large, can masV 494 

the signal from aerosol fluctuations@ fortunately, the accurate water vapor retrievals from 495 

the MOX KTurner et al. 2007M account for the maYority of the fluctuations in water vapor.  496 

Tonetheless, the decrease in the Suality of the fit when the NOP is large does not depend 497 

largely on the aerosol composition, and thus the F-test will tend to select the single-498 

mineral fit as the Zbest-fit composition[ for cases with larger NOP, because the 499 

uncertainty in the computed radiance due to the uncertainty in NOP is larger when the 500 

NOP is large.  This effect is observed in table 2, where the freSuency of single-mineral 501 

fits ranges from 24\, 34\, 72\, and 18\ in the pre-monsoon, early monsoon, late 502 

monsoon, and post-monsoon periods, respectively, where the NOP is largest during the 503 

late monsoon.  Tonetheless, the single mineral fits during the late monsoon still indicate 504 

that Vaolinite is the dominant mineral in the dust, with gypsum also an important 505 

component. 506 
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! "#$ %&' () * +%&* #551 

%e have presented a method that derives the infrared optical depth, effective radius, 552 

and the radiativel8 relevant composition from mineral dust observed over :iame8, :iger, 553 

in 2006.  These dust properties were retrieved from high-spectral-resolution infrared 554 

radiance data observed at the surface b8 the AERI instrument, one of the AMF 555 

instruments deplo8ed during RAJAKAST.  The retrieval techniMue uses a ph8sical 556 

retrieval to determine these dust properties, and propagates uncertainties in the radiative 557 

temperature of the dust la8er, the amount of water vapor, and in the AERI radiance 558 

observations to provide uncertainties in the retrieved Muantities.  Three different minerals 559 

were used in the retrieval process QRaolinite, g8psum, and MuartST, all of which have 560 

distinctivel8 different absorption spectra in the thermal Q8-13 ! mT infrared.  The retrieval 561 

algorithm was onl8 run in cloud-free cases, 8et over 16700 valid retrievals were made 562 

during the one 8ear deplo8ment. 563 

Uomparisons with the 8ear-long dataset of 11 ! m dust optical depths retrieved from 564 

the AERI with Uimel sunphotometer-derived optical depths at 1.02 ! m showed a good 565 

linear correlation coefficient Qr V 0.913T.  Wowever, the AERI retrievals have a small 566 

positive bias in AOT relative to the UIMEY, even after a small warm bias is removed 567 

from the AERI radiance observations. 568 

%hen the 8ear was separated into 4 distinct periods Qpre-monsoon, earl8 monsoon, 569 

late monsoon, and post-monsoonT, the 11 ! m AOT and radiativel8 relevant composition 570 

show a dependence on season.  The late monsoon period has the lowest mean dust AOT, 571 

and the composition of the minerals was indicated to be Raolinite-onl8, 572 

RaoliniteZg8psum, and g8psum-onl8 in 54[, 19[, and 18[ of the samples, respectivel8.  573 
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useful in characteri0ing the radiative properties of the mineral dust over the site (e.g., 597 

<=cFarlane et al. 2008A), evaluating aerosol transport models (e.g., <Cinne et al. 2003A), 598 

and for validation of satellite retrievals of dust optical depth over relatively bright 599 

surfaces. 600 
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 728 

Table 2, Best-fit mineral composition by period.  The 16755 valid retrievals are about 729 

25C of the total number of AERI observations from 7 Han 2006 J 6 Han 2007K the other 730 

samples were excluded due to clouds in the AERI field-of-view, the retrieval not 731 

converging, or the retrieval was considered to have too much uncertainty in the retrieved 732 

variables. 733 

Composition 

Pre-

Monsoon 

Early 

Monsoon 

Late 

Monsoon 

Post-

Monsoon 

Entire 

Year 

Kaolinite-only 17.8% 29.9% 54.2% 13.7% 20.0% 

Gypsum-only 5.9% 4.1% 18.1% 4.0% 5.7% 

Quartz-only 0.0% 0.0% 0.0% 0.0% 0.0% 

Kaolinite+Gypsum 68.7% 57.6% 19.0% 74.6% 66.6% 

Kaolinite+Quartz 7.3% 8.2% 7.3% 7.5% 7.5% 

Quartz+Gypsum 0.2% 0.1% 1.5% 0.1% 0.3% 

Number of retrievals 5522 1999 1220 8014 16755 
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Fig 6: Time-series of MI2CRA-retrieved 11 !m AOT (blue) and effective radius of the 757 

kaolinite component (red, !m) during the March 2006 dust storm.  Vertical light gray 758 

bars indicate periods when thin cirrus were in the AERIQs field-of-view.  The AOT data 759 

show that there were several pulses of dust in this particular storm, whereas the effective 760 

radius data show that the initial episode of dust had the largest dust particles (S3.5 !m) 761 

and that the effective siTe slowly decreased over the life of the storm.  The visible (0.5 762 

!m) AOT derived from the MFRSR are provided in green, as well as the 1.02 !m AOT 763 

from the Cimel, where the latter have been converted to 11 !m AOT by multiplying by 764 

log(11.0 !m / 1.020 !m).   765 

 766 

Fig 7: Daily-averaged retrieved 11 !m AOT over the AMF during cloud-free AERI 767 

observations in 2006.  There were significant aerosol loading events in each of the four 768 

periodsY however, the largest AOT values occurred in the pre- and post-monsoon periods. 769 

 770 

Fig 8: Distribution of daily-averaged 11 !m AOT during each of the four periods.  771 

Samples with AOT Z 1 are grouped together with the AOT[1 bar in the histogram. 772 

 773 

Fig 9: (a) Scatterplot of the AERI-retrieved 11 !m AOT vs. the BaniToumbou Cimel 774 

sunphotometer 1.02 !m AOT. (b) The distribution of 11 !m AOT from MI2CRA (gray) 775 

and the Cimel (hashed), where the Cimel 1.02 !m AOT observations were scaled by 776 

log(11.0 !m / 1.02 !m).  (c) The distribution of ]ngstr^m e_ponent computed from 11 777 

!m MI2CRA and 1.02 !m Cimel data (R1, gray) and 1.02 !m and 0.675 !m Cimel data 778 

(R2, hashed).   779 
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 845 

&ig 5: AERI-observed infrared downwelling radiance <blue>? @A@BIS computed radiance 846 

where the input dust properties were retrieved from the observations by MIXCRA? and 847 

aerosol-free radiance calculations <gray> for 4 different cloud-free times during the March 848 

2006 dust storm.  The retrieved 11 ! m ARTs for Saolinite and gypsum are given by !1 849 

and !2? respectively.  A “radiance unit” <RW> is 1 mW Y <m2 sr cm-1>.   850 
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'i) 6+ ,ime-series of M56C89-retrieve< 11 !m 9>, ?blueC an< effeFtive ra<ius of tGe 855 

Haolinite Fomponent ?re<J !mC <urin) tGe MarFG 2006 <ust storm.  MertiFal li)Gt )ray 856 

bars in<iFate perio<s OGen tGin Firrus Oere in tGe 9E85Qs fiel<-of-vieO.  ,Ge 9>, <ata 857 

sGoO tGat tGere Oere several pulses of <ust in tGis partiFular stormJ OGereas tGe effeFtive 858 

ra<ius <ata sGoO tGat tGe initial episo<e of <ust Ga< tGe lar)est <ust partiFles ?S3.5 !mC 859 

an< tGat tGe effeFtive size sloOly <eFrease< over tGe life of tGe storm.  ,Ge visible ?0.5 860 

!mC 9>, <erive< from tGe M'8V8 are provi<e< in )reenJ as Oell as tGe 1.02 !m 9>, 861 

from tGe CimelJ OGere tGe latter Gave been Fonverte< to 11 !m 9>, by multiplyin) by 862 

lo)?11.0 !m W 1.020 !mC.   863 
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 884 

Fig 9: (a) Scatterplot of the AERI-retrieved 11 !m AOT vs. the Banizoumbou Cimel 885 

sunphotometer 1.02 !m AOT. (b) The distribution of 11 !m AOT from MIXCRA (gray) 886 

and the Cimel (hashed), where the Cimel 1.02 !m AOT observations were scaled by 887 

log(11.0 !m / 1.02 !m).  (c) The distribution of Ångström exponent computed from 11 888 

!m MIXCRA and 1.02 !m Cimel data (R1, gray) and 1.02 !m and 0.675 !m Cimel data 889 

(R2, hashed).   890 
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Fig 10: Distribution of daily-averaged 11 ! m AOT as a function of backtrajectory 894 

direction at 500 m for the four periods.  The solid dot denotes the median, the open black 895 

rectangle illustrates the interquartile spread (most easily seen in the early monsoon period 896 

from the south direction), and the thin black bar denotes the 5th to 95th percentile spread.  897 

The number under each direction indicates the number of AERI samples included in that 898 

cluster.  The gray points indicate the actual AOT values, and thus illustrate the outliers in 899 

the distribution of AOT in each cluster.  The data are not shown for clusters with less 900 

than 2 values. 901 
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 918 

Fig 12: The distribution of kaolinite fraction, defined as Fkao = ! kao > ! tot, for each of the 4 919 

periods (gray).  The black histograms illustrate the subset of the data where the 920 

backtraGectories are from the eastern octant.   921 
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 926 

Fig 13: Kistribution of the effective radius of kaolinite (top) for kaoliniteMonly (solid 927 

gray) and kaoliniteNgypsum (hashed) retrievals, and the distribution of effective radius 928 

for gypsum (bottom) for kaoliniteNgypsum retrievals in each of the four periods.   929 


