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ABSTRACT


A comprehensive examination and verification of the Air Force Weather Agency’s (AFWA’s) Dust Transport Application (DTA) is conducted over Africa, central and southwest Asia.  A climatological overview of duststorms in this region is also provided.  In addition, model background information and a description of model-defined parameters is given.  DTA ingests AFWA Mesoscale Model 5 (MM5) 45km resolution surface wind data, which is used to calculate the surface dust flux based on wind threshold velocity.  There are differing threshold velocities based upon the dust particles’ diameter, air and particle density, and soil moisture.  DTA also accounts for the vertical transport of dust through the calculation of horizontal divergence and a second parameter that calculates vertical diffusion.  In addition, DTA uses a dust source region database that was developed on the basis of land use, topography, the use of Advanced Very High Resolution Radiometer (AVHRR), and Total Ozone Mapping Spectrometer (TOMS) data.  The report concludes with DTA verification results from the 2002 study period along with several proposals for future work.  DTA demonstrated especially good skill at forecasting synoptic scale dust events induced by warm and cold air advection, but was limited in its ability to detect dust events generated by the smaller scale convective downdrafts.  Overall, DTA effectively incorporates AFWA MM5 model output over defined source regions allowing for the accurate prediction of duststorms.

1. Introduction

As widespread international interest in the Middle East and Central Asia increased during the Gulf Wars (1991, 2003) and the War in Afghanistan (2001) so too has the interest in forecasting the often-severe regional duststorms.  The wars in Iraq and Afghanistan have shown the extreme and far reaching impacts resulting from duststorm induced visibility reductions.  During Operation Iraqi Freedom (OIF), duststorms grounded close air support, Special Operations Forces (SOF) infiltration/exfiltration, air refueling, tactical reconnaissance, air escort, air logistics movement, and army aviation assaults.  In addition, the abrasive effects of blowing dust are capable of impeding human activity and are detrimental to structures and machinery (Soltani 1990).  Dust effectively jammed military weaponry including numerous assault rifles during OIF.  Dust was also believed to be one of the significant factors that led to the failure of the 1980 attempted rescue of American hostages in Iran (Ryan, 1985).  Therefore, accurate duststorm modeling can be used to protect life and property.

2. Duststorms

2.1.  Definition

According to the AMS Glossary of Meteorology Second Edition, a duststorm is a “severe weather condition characterized by strong winds and dust-filled air over an extensive area.”  A duststorm is distinguished from a sandstorm on the basis of particle size.  Duststorms are made up of a multitude of very fine particles while sandstorms have larger particle sizes that range from .08mm to 1mm (AMS Glossary).  In addition, according to the Air Weather Service Forecast Memo (AWS/FM-100/021, 1980) the fine dust particles may be elevated as high as 3km or more while according to the AMS Glossary of Meteorology, “sand particles are confined to the lowest 3.5m (10ft), rarely rise more than 15m (50ft) above the ground, and proceed mainly in a series of leaps known as saltation.”  During the process of saltation, larger sand particles liberate smaller silts and clays as they collide with the ground (Shao, 1993).  Smaller dust particles stay in the atmosphere much longer than large particles and may be transported thousands of miles away (Prospero 1999).  According to Cunningham (1910) a 2-micron dust particle has a terminal velocity of .35 cm/sec.  Therefore, this particle can remain airborne for 30 days if it reached a height of 1km and no other vertical accelerations occur (AWS/FM-100/021).  However, this assumption is unlikely and according to Ginoux (2001) dust particles of radius .1–1μm will spend an average of 14 days in the atmosphere while particles of 3-6μm remain elevated for an average of 1.1 days.  Consequently, dust from severe duststorms may create reduced visibilities thousands of miles from their point of origin.  For example, satellite imagery has revealed Sahara dust over the Caribbean (Volz 1970).

2.2.  Environmental Factors

Wind speed, atmospheric stability, and source region surface characteristics are the three main environmental factors that affect the probability of occurrence, intensity, and height of duststorms (AWS/FM-100/006, 1980).  Additional factors pertaining to the efficiency of a dust source region include: surface heating, soil moisture, soil type, and surface vegetation (AWS/FM-100/009, 1980).  As a general rule, winds that are not associated with synoptic systems will typically be strongest during the afternoon and weakest at night.  In addition, regional wind thresholds for blowing dust will vary depending on the strength of the source region.  The atmospheric lapse rates will also be more supportive of dust events in the afternoon after ample heating increases instability and lift.  Strong diurnal heating typically results in a well-mixed lower atmosphere that causes the desert’s low layers to be more unstable/less stable (Fett et. al. 1983).  An unstable atmospheric stratification creating turbulent airflow will aid in the initial lifting of dust and in its rising to significant heights (AWS/FM-100/021).  Wind eddies at the surface allow vertical velocities to exceed the terminal velocities and free dust particles from the surface where they are then caught up in the stronger eddies that exist in a turbulent atmosphere (AWS/FM-100/021).  Gillette proposes an alternative view based on the exertion of shear forces on the earth’s surface by surface winds (Gillette 1981).  Depending on soil and ground cover conditions, dust particles are freed from the surface when the shear forces or surface wind friction velocity  (u*) exceed some threshold value. The threshold friction velocity is based on measurement, and typical values for the threshold friction velocity range from ~0.25 to 0.65 m/s depending on particle size and soil type (Gillette 1980).  The surface friction velocity u* is related to the surface wind shear tensor as: u* = √(τ/ρair), where τ = ln(wind10m) and ρair is the surface air density.  The height that the dust will be raised depends on the stability of the atmosphere.  For instance, warm air aloft acts as a cap (inversion) inhibiting vertical extension of some dust plumes.  Therefore, dust will more quickly settle back to the surface.  Due to these intertwined atmospheric processes, duststorm frequency and intensity vary largely from one location and event to the next.

2.3.  Climatology of Africa and SW Asia Dust Storms

The four climatological seasons greatly impact the frequency of duststorm occurrences by altering general flow patterns.  Most regions experience a peak in duststorm occurrences over the summer months.  Although variations exist, forecast memos indicate that reporting stations on the Arabian Peninsula will climatologically experience a summer peak in dust events (AWS/FM-100/009, 1980).  An AWS study of Aden, Yemen; Kuwait, Kuwait; and the Saudi Arabian reporting cites of Bahrain, Dhahran AFLD, Jeddah, Masirah, Riyadh, Riyan, Sharjah, and Salalah found that the climatological peak of duststorms over the Arabian Peninsula is June and July.  In addition, critical wind thresholds for duststorms varied significantly from station to station.  For instance, Aden, Saudi Arabia has a threshold of 24-33mph while Masirah, Saudi Arabia has a duststorm threshold of 40-47mph (AWS/FM-100/009, 1980).

Duststorms in Iraq, Iran, and Afghanistan are also most common in the hot summer months when the region is very dry.  Duststorms are frequent over all other eastern Mediterranean countries during hot afternoons and in interior desert regions from March through September (AWS/FM-100/011, 1980).  The seasonal mid-latitude cyclones no longer influence the region and the silt in the Tigris-Euphrates lowland and other source regions is extremely dry.  In addition, strong surface heating can provide the necessary buoyancy to elevate dust to great heights.  Therefore, duststorms occur most frequently during the heat of the afternoon (Soltani 1990).  These storms typically occur in the daylight hours after 1000 local time as wind speed and instability increase (AWS/FM-100/021).  Although the surface layer is often unstable during the hot summers, there is often a capped or stable layer directly over the surface preventing or limiting the extent of elevated dust.  As a result, the most vertically extensive duststorms are more likely to occur predominately in the spring and fall when the air masses are typically conditionally unstable (AWS/FM-100/021).
The prevailing summer wind flow is frequently associated with dusty conditions.  The shamal (northwesterly wind) of the Persian Gulf coast and the seistan (north wind), or wind of 120 days, of eastern Iran and western Afghanistan result from the strong thermal low found over southern Asia (AWS/FM-100/012, 1980).  The summer shamal typically occurs on a continuous basis in June and July.  Both winds are strongest during the day, with increased gustiness during the hot afternoon hours, and decrease overnight creating a duststorm maximum in the afternoon hours.  Summer duststorms tend to develop more gradually and are more diurnally driven, while winter season events are more dynamically driven (AWS/FM-100/012, 1980).  The persistent summer flow pattern over a significant fetch is conducive for the slow but steady development of duststorms (AWS/FM-100/021).  Duststorms are also common when upper level northerly flow is superimposed over the low level northwesterlies.  Such duststorms typically last 2-3 days and precipitation usually does not accompany them (Fett 1983).   In addition, the presence of a block over northern Europe, near 20E – 30E, characterized by split flow producing a zonal branch under the block, is a pattern favorable for producing strong persistent winds associated with intense shamal conditions (Fett 1983).  The optimum position of strong zonal flow over the eastern Mediterranean, which turns anti-cyclonically around a high-pressure cell over the northern Arabian Peninsula, can also trigger duststorms (Fett 1983). 

Across portions of northern Africa duststorms occur during the southwest monsoon season.  Severe duststorms may occasionally appear as large walls of dust, which rapidly reduces visibility as they overtake a region.  The Sudanese term “haboob” is often given to these events (AWS/FM-100/021)(Figure 1).  Duststorms associated with the southwest monsoon also occur frequently over Ethiopia and Somalia (AWS/FM-100/006, 1980).  Haboobs are often a product of strong convective outflow, which occur as the ITCZ migrates north over the summer months (Fett 1983).  This is especially true at the onset of the summer monsoon season when the land is parched from the long dry season.  Therefore, duststorms are more common in the Chad, Niger, and Mali regions in the spring at the onset of the rainy season.  A hot and dry southerly wind known as an Aziab, transports dust from southern Saudi Arabia northward (Walters 1988).  This is also most common in the spring when soil conditions are very dry (Walters 1988).  In summary, the summer monsoon increases the frequency of duststorms by increasing both southwesterly wind flow and atmospheric instability near the ITCZ.


Figure 1.  Haboob produced by strong convective outflow.

2.4. Climatology: Extra-Tropical Cyclones (ETCs) Role in Dust Storm Formation

Extra-tropical cyclones also generate duststorms across northern Africa and Southwest Asia.  The migratory lows most frequently affect these regions from November through May (AWS/FM-100/011, 1980).  The North African countries of Libya, Algeria, and Egypt have their peak duststorm occurrences in the spring when migratory ETCs are more frequent (AWS/FM-100/003, 1980) and also in the summer (Westphal, 1986).   Although Iraq, Iran, and Afghanistan most frequently experience duststorms during the warm season, the passage of strong cold fronts associated with ETCs over the winter can also result in significant duststorms (AWS/FM-100/012, 1980).  Duststorms will often form in the warm sector of a migratory cyclone ahead of the advancing cold front (AWS/FM-100/021; Westphal 1986). The cold air behind the front is slightly less favorable due to upper level subsidence, which creates an inversion aloft (AWS/FM-100/021).  The cool season Sudanese haboob often results from strong southwesterly flow in advance of a polar trough (Fett 1983).  Duststorms may also be associated with thunderstorm downdrafts and updrafts (Soltani 1990).  Syria, Lebanon, Jordan, and Israel experience a very hot, dry, and dusty wind known as the sirocco, which occurs in the spring and autumn in advance of a well defined Mediterranean depression (AWS/FM-100/011, 1980).  In summary, ETCs, although relatively infrequent, can produce substantial duststorms.

3. Dust Transport Application

3.1. Application Configuration
Dr. Owen Toon and Pete Colarco of the University of Colorado, Boulder developed the Community Aerosol Research Model from Ames/NASA (CARMA).  Johns Hopkins Applied Physics Laboratory modified the model to allow for the incorporation of AFWA MM5 data.  The original CARMA model was made to be a fully scalable Eulerian transport model for the study of atmospheric aerosols (Toon et. al. 1988).  Johns Hopkins University (JHU) delivered CARMA to AFWA in two major pieces.  The initial delivery was known as the Surface Dust Flux Model (SDFM) and computed only the vertical dust flux.  JHU’s final delivery of CARMA incorporates the SDFM and computes both the horizontal and vertical transport of dust.  CARMA is referred to within AFWA as the Dust Transport Application (DTA).  

3.2.  Dust Source Regions

DTA uses a dust source database developed by Dr. Paul Ginoux at the Georgia Institute of Technology, National Aeronautics and Space Administration (GIT/NASA), Goddard Space Flight Center (GSFC).  The dust source database is an essential component of DTA that has significant weight in determining the application’s success or failure.  Dust source regions were determined on the basis of landuse, topography, the use of Advanced Very High Resolution Radiometer (AVHRR), and Total Ozone Mapping Spectrometer (TOMS) data (Ginoux et. al. 2001; Chin et. al. 2001).  TOMS data identifies differing types of aerosols based upon particle size and UV absorbing properties (Herman 2002).  Therefore, the movement of dust clouds can be tracked and source regions can be identified.  In addition, the use of the AVHRR allows for easy depiction of erodible open soil areas that act as primary source regions.  Though the use of AVHRR and TOMS source regions are determined and given values on a 1(x1( grid from 0 to 1 where 0 is not a source region and 1 is a significant source region (Ginoux et. al., 2001).  The incorporation of DTA with the AFWA MM5 involves the reinterpolation of the source region’s 1(x1( resolution to each MM5 grid point at approximately 1/2( intervals (Hasselbarth et. al., 2001) (Figures 12 & 13). 

3.3.  Surface Winds and Dust Flux Equations

DTA also ingests AFWA MM5, 45km resolution, surface wind data.  The 10-meter wind is used for the dust model because it is a standard World Meteorological Organization (WMO) measurement height used for surface wind measurement.  The surface dust flux is calculated based on wind threshold velocity (ut) (Ginoux, 2001; Hasselbarth et. al., 2001).  There are differing threshold velocities (ut) based upon the dust particles diameter ((p), air and particle density (ρa, ρp), and soil moisture (w) (Hasselbarth et. al., 2001).  DTA uses 10 particle size bins for dust ranging from .5(m to 10(m (Hasselbarth et. al., 2002).  Each successive particle bin has 2.7 times more mass than the preceding bin size (Toon, 1988).  Particles larger than 10(m are not taken into consideration since it is unlikely that these larger particles will become airborne for more than several hours (Hasselbarth et. al., 2002; Tegen and Fung, 1994).  The CARMA DTA uses a recently developed equation for the calculation of the surface threshold wind velocity. The equation has been developed and obtained from Dr. Paul Ginoux (P. Colarco, personal communication, 2001) and has not been published at this time. The threshold equation used in the CARMA dust model is different than the one used in Surface Dust Flux Model, which has been described by Ginoux et al. (2001). The CARMA model uses a new threshold equation developed to better model the process of dust particle saltation, where larger particles mobilize at lower wind speeds and begin the process of releasing smaller dust particles from the surface. The equation to calculate threshold wind velocities is given by:

ut(r) = A*√(ρpg(p/ρa)* √(1.0+0.006/ρp/g /(p2.5)/ √(1.928*(1331.* (1.56 +0.38)p/ρa)0.92 –1.0)    if w<0.5 otherwise ( (1)                                                   (1)
where g is the acceleration of gravity, A is a fixed constant, w is the surface wetness parameter that is used in the Goddard Earth Observing System Data Assimilation System (GEOS-DAS), which varies from 0 to 1.0. Dust particle and air density are given by ρp  and ρa which are the dust particle and air density respectively (Ginoux et. al. 2001, Hasselbarth et. al., 2001). 

The surface dust flux in the model depends on the wind velocity at 10 meters, the particle size and if the location is a dust source in the Ginoux global database. Sources will have a value from 0 to 1.0. The dust flux is calculated using the threshold wind velocity calculated above, using the equation:

F(r) = C* S(i,j,r)*(w10m - ut(r) ) w10m 2                                                                       (2)

Where w10m    is the wind speed at 10 meters calculated from MM5 using the vector wind velocities at 10 meters, u10m and v10m given by (u10m +v10m)1/2 . C is a model dependant constant adjusted to match observations and S(i,j,r) is the database source model strength at each grid cell location i,j with strength also dependant on the particle size. The database categorizes dust particles by size range as silts (0.1 to 1 μm), clays (1 to 10 μm) and sand (10 and larger). 

3.4.  Soil Moisture  

Arid desert regions typically have soil wetness values that vary from .01 to .1 in the Ginoux model and these are unitless values (Ginoux et. al., 2001).  Soil moisture and precipitation observational data are not available over a vast majority of the regions covered by DTA, which includes northern Africa and much of Asia.  Therefore, DTA version 2.0 does not incorporate soil moisture or precipitation observations and presently assumes a fixed soil wetness value of .1 for arid regions (Hasselbarth et. al., 2001).  .  However, DTA does incorporate MM5 precipitation forecasts and uses MM5 accumulated precipitation forecasts to adjust the soil wetness value.  For instance, to derive soil wetness DTA will raise the soil moisture value from the normally fixed value of .1 to .5 over a grid point when the MM5 72 hour accumulated precipitation product is indicating precipitation.  A value of .5 is sufficient to terminate the dust flux at the given grid point and there will be no surface dust flux for the remainder of the DTA cycle.  For example, if the MM5 18 hour forecast is projecting a precipitation accumulation value of .01” or higher, then the 18hr forecast and all subsequent forecasts from that model cycle will forecast a dust flux of zero and no new dust will be raised from the surface.  Simply stated, DTA suppresses the surface dust flux when MM5 forecasts rain. However, dust that was already elevated from the surface will continue to be accounted for but will be removed from the atmosphere gradually through a wet deposition process and DTA accounts for this process.

Although observational data of soil moisture are rare, model derived soil moisture data are available on the Joint Air Force and Army Weather Information Network (JAAWIN). The AGRMET model produces a global soil moisture analysis at three-hourly intervals.  The soil moisture products, located at  https://weather.afwa.af.mil/swa_moisture.html, indicate the percent of soil saturation in the surface to 10cm and 10cm to 40cm layers below ground.  Forecasters may find AGRMET to be a valuable tool that can be used in conjunction with DTA.  In AGRMET, the soil moisture changes according to the difference between the analyzed precipitation and evaporation.  Precipitation observations and satellite derived precipitation amounts (https://weather.afwa.af.mil/cgi-bin/model_loop.cgi?1,9,1,SWAPRECIP,.GIF,1,1,9) are used to determine the quantitative value of incoming H2O.  Conversely, the evaporation is estimated from analyzed low-level humidity, wind speed, and incoming solar energy.  Johns Hopkins University is currently working to incorporate AGRMET data within DTA’s initialization scheme.
3.5.  Atmospheric Stability

DTA also accounts for atmospheric stability through the use of two parameters.  Vertical wind is one major parameter used to forecast the lofting of dust and can be read directly from the MM5 if sigma levels are used or can be calculated based on divergence of MM5 wind fields.  DTA version 2.0 calculates vertical wind based on the convergence and divergence of MM5 wind fields.  A second parameter is the vertical diffusion coefficient, Kz (cm2/sec).  The MM5 data incorporated within DTA forces the minimum value for Kz to be 104 and maximum values may be as high as 108.  DTA calculates Kz for each grid location and sigma vertical height based on MM5 forecast data.  Note that Kz values are used internally in the MM5 forecast model, but are not output and must be calculated within DTA.

3.6.  DTA Vertical Cross-Sections

DTA output can be visualized in the vertical through the plotting of vertical cross-sections.  A starting position is chosen and a straight line is drawn to a final destination point.  This path is then mapped in the vertical, which allows the user to identify terrain and dust concentration from the surface to 2000m (6562ft).  Figure 2 is a short case study from 25 February 2002, which illustrates the vertical cross-section capability.  The dark gray coloring within the cross section represents the ground surface and the most intense dust is visualized by the reds and oranges just above the ground surface (Figure 2).
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Figure 2.  25 February 2002 dust event across the Middle Ease and East Africa.  DTA 12hr forecast of dust 100m above ground level (bottom left). DTA vertical cross section (slice B) beginning in northern Saudi Arabia, across the Red Sea, and through Sudan into central Africa (bottom right).  Hand drawn analysis produced at AFWA (background). The orange areas represent regions of dust depicted on satellite and blue areas are ground reported dust observations.

4. Methodology

AFWA conducted an extensive evaluation of DTA beginning November 1st 2001 and ending July 15th 2002.  The evaluation was divided into two major segments.  The first half of the evaluation running November 15th – January 31st involved detailed verification of an earlier version of DTA known as the Surface Dust Flux Model (SDFM).  SDFM was a primitive version of DTA that did not advect dust clouds but focused only on the vertical lifting of dust particles.  Therefore, dust was only elevated over the source regions and the evaluation focused on the accuracy of SDFM source regions.  The second half of the evaluation beginning February 7th 2002 and ending July 15th 2002 was devoted to verifying the full DTA, which includes the horizontal and vertical transport of dust in space and time.  Evaluation of the full DTA focused heavily on the accuracy of source regions and MM5 wind forecasts.  The relationship between forecasted dust concentrations and observed visibility was also addressed.  A non-published copy of the initial report on SDFM can be obtained from AFWA/DNXT.  

AFWA’s Technology Exploitation Branch (DNXT) along with the Satellite Applications Branch (XOGM) conducted the evaluation of DTA.  The evaluations are conducted over the theaters of Africa (T9) and Southwest Asia (T4).  AFWA validated DTA’s African theater over the period beginning 8 February and ending 15 April.  JHU delivered DTA’s Southwest Asian theater several weeks after the shipment of the African theater and Southwest Asia was studied 9 March through 15 July. During verification the theaters were broken down into grids that were subjectively defined by source regions (Figures 12 & 13).  DTA forecasts over the grid were then compared to observations to determine hits and misses.  Probability of Detection (POD), False Alarm Ratio (FAR), Critical Success Index (CSI), and Probability of Detection Nil event (PODNIL) values were computed (Figure 3).  AFWA/DNXT used forecaster drawn dust analyses for verification.  The analyses were created with the aid of high-resolution satellite loops, Defense Meteorological Satellite Program (DMSP) images, and ground observations.  Air Force personnel without access to DTA forecast products created the hand drawn analysis, which lessens possible human biases.  The evaluation focused on the accuracy in forecasting the occurrence/non-occurrence of dust events rather than on their intensity.  In addition, DTA verification consisted of the evaluation of dust concentrations 100m Above Ground Level (AGL).  DTA output has been visualized at 10m, 100m, and 500m AGL with 100m visualizations proving to give the most realistic representation of surface dust events.
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Figure 3.  Contingency table used to derive Probability of Detection (POD), False Alarm Ratio (FAR), Critical Success Index (CSI), and Probability of Detection Nil event (PODNIL) values.

POD = X/(X+Y)              (3)                                                     FAR = Z/(X+Z)              (4)

CSI = X/(X+Y+Z)           (5)                                                     PODNIL = W/(W+Z)        (6)
According to Hasselbarth 2002, dust concentrations vary from less than 50μgm/m3 under normal atmospheric conditions, greater than 100μgm/m3 under hazy conditions, 1000μgm3 in reduced visibility and very hazy conditions, to 5000μgm3 and higher in severe duststorms.  Dust that reduces visibility and causes hazy conditions is often significant enough to be noted by local observers and satellite imagery.  Therefore, DNXT chose to use a value of approximately 1,800 to 3,500μgm/m3 as the threshold dust/no-dust forecast, which was determined as a good compromise between 1000μgm/m3 and 5000μgm/m3.  DTA output is visualized according to dust concentration levels and the colors of red, orange, yellow, green, purple, and white are used.  Different thresholds were used in Southwest and Central Asia than in Africa but both thresholds were within the 1,800 to 3,500μgm/m3 range. A slightly higher dust/no-dust threshold was used over the African Theater than over Southwest and Central Asia.  During the period of study more frequent and significant dust events were forecasted and occurred over Africa than over Southwest Asia.  Therefore, a higher dust/no dust threshold was needed over Africa to study the more intense storms and to reduce the false alarm ratios.  A slightly lower threshold was used over Southwest and Central Asia to evaluate their lower magnitude dust events and increase CSI values by increasing POD values.  The threshold over Southwest Asia is the green to yellow color change, which corresponds to a dust concentration of 1,800μgm/m3 (log 1,800 = 3.25).  JHU’s visualization changes of 7 March, which was mid-way through the Africa evaluation, were also noteworthy.  For instance, JHU changed the concentration values that are associated with each color.  This did not noticeably affect the product but was the reason that the threshold was an approximate value.  Therefore, the color change between yellow and orange, which was equal to 3,500 (log 3,500 = 3.54) before 8 March and 2,500μgm/m3 (log 2,500 = 3.4) after, is the consistent threshold used during the Africa evaluation.  JHU visualizes dust concentrations on a log scale from 10μgm/m3 (log10=1) to >10,000μgm/m3 (log10,000=4) (Hasselbarth et. al. 2002).

5. Results

DTA performed well over the period of study with POD values often between 55-70% and FAR values typically ranging from <10% up to 25% (Tables 1a-c and 2a-c).  Evaluation of SDFM and DTA has revealed that Ginoux source model data were largely representative of the observed environmental source regions.  In addition, MM5 wind, precipitation, and divergence data, are successfully integrated within DTA giving reliable and useful forecasts.  Furthermore, DTA’s forecasting skill was high in the short-term forecasts (6-12hrs), while decreasing only slightly in the medium range (30-36hrs) and long range forecasts (54-60hrs) (Tables 1a-c and 2a-c).  DTA successfully transported dust from source regions to non-source regions, but as generally expected it reduced the forecasted concentration as the dust was advected over bodies of water or other non-source regions.  However, there appeared to be a tendency to under forecast the amount of dust being transported over large bodies of water.

Analysis and verification of DTA revealed that a general relationship can be found between forecasted dust concentrations and observed visibility.  As previously stated by Hasselbarth 2002, dust concentrations in the real atmosphere vary from less than 50μgm/m3 (log 50 = 1.6) under normal atmospheric conditions, greater than 100μgm/m3 (log 100 = 2.0) under hazy conditions, 1000μgm3 (log 1000 = 3) in reduced visibility and very hazy conditions, to 5000μgm3 (log 5000 = 3.7) and higher in severe duststorms.  The DTA evaluation results supported the theory that visibility may begin to be reduced with concentrations greater than 1000μgm/m3, which is visualized in figures 5-11 as a greenish yellow.  Furthermore, AFWA’s verification of DTA over Southwest Asia indicated that a forecasted dust concentration of 2500μgm/m3 (log 2500 = 3.4) or greater was sufficient enough to reduce visibilities to less than 2 miles, which is visualized in the figures 5-11 as orange (Figure 4).  In addition, concentrations of 1,800μgm/m3 (log 1,800 = 3.25) to 2500μgm/m3 (log 2500 = 3.4) are depicted in figures 5-10 by the shade of yellow and correspond to visibilities of 2-4 miles (Figure 4).  Concentrations of 1000mgm3 (log 1000 = 3) to 1,800μgm/m3 (log 1,800 = 3.25) are depicted in figures 5-11 by a greenish yellow and indicated that visibilities could be reduced to 4-6 miles (Figure 4).
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Figure 4. Relationship between forecasted dust and observed visibility over Southwest Asia from 9 March through 15 April

The relationship between forecasted dust concentrations and observed visibility was slightly different over Africa than over Southwest Asia.  DTA generally forecasted more substantial dust concentrations over Africa.  In Africa a forecast of red such as in Figure 10, concentrations of 4000μgm/m3 (log 4000 = 3.6) or greater, corresponded to visibilities of less than 2 miles while orange, concentrations of 2500 μgm/m3 (log 2500 = 3.4) - 4000 μgm/m3 (log 4000 = 3.6) correlated to 2-4 mile visibilities.  A forecast of yellow, concentrations of 1,800μgm/m3 (log 1,800 = 3.25) to 2500μgm/m3 (log 2500 = 3.4) yielded observed visibilities in the 4-6 mile range while greenish yellow, concentrations of 1000μgm3 (log 1000 = 3) to 1,800μgm/m3 (log 1,800 = 3.25) only resulted in a slight obstruction of visibilities, 6-10 miles.

Although the model generally performed very well, evaluation revealed several regional biases and deficiencies.  For instance, DTA tended to under-forecast dust events in Jordan, Oman, Yemen, western Saudi Arabia, and the Amudarya valley of northern Afghanistan.  This was predominately due to a lack of model defined source regions in these locations (Figure 13).  Although source region values are defined in some of these localities, their values are underestimated, which becomes apparent in that more dust is observed than forecasted on a regular basis (Tables 2a-c, Regions 9,10,14).  A case from 27 March illustrates DTA’s failure to forecast dust over the Amudarya valley where the duststorm originated (Figure 5).  On this day an east wind lifted the dust in the Amudarya valley and carried it westward.  DTA does predict dust to the northwest of the Amudarya valley where a more significant source region is indicated by the model (Figure 13).  DTA’s performance was poor over the ill-defined Amudarya valley source region and the low skill scores also reflect this tendency (Table 2a-c, Region 14).  DTA performed the poorest over the southern coast of Yemen and Oman (Table 2a-c, Region 10).  Most of these dust events were generated by south winds off of the Arabian Sea.  It is unlikely that the DTA’s handling of precipitation was at fault because there was very little precipitation that fell over this region during the study period.  A substantial inversion or cap low enough in the atmosphere to inhibit dust from being even partially elevated is also unlikely.  Therefore, poor DTA results over Yemen and Oman was likely due to the weak representation of source region values and occasional errors in MM5 wind forecasts with the same holding true over western Saudi Arabia (Figure 13).  April 3, 2002 is an example of a Saudi Arabian duststorm, which was well predicted over eastern Saudi Arabia but appears to be underestimated by DTA across the central and western portions of the country (Figure 6).  The observed and forecasted winds were nearly identical and were generally light across central Saudi Arabia at less than 15kts.  Therefore, wind appeared to be well forecasted in this case.  Observed visibilities within the outlined dust contour ranged from 1 to 6 miles.  DTA indicated at least some dust over central Saudi Arabia, although the dust was slightly under-forecasted.  This can be a result of poor source region representation and/or errors in MM5 data used within DTA’s dust transport equations.
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Figure 5.  27 March 2002 dust event across the Amudarya valley of northern Afghanistan.  DTA predicted dust downwind but missed the origin of the dust event, which is likely due to DTA’s weak representation of the Amudarya valley as a source region.
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Figure 6.  3 April 2002 dust event over Saudi Arabia.  DTA forecasts (left).  MM5 forecasted winds, which are incorporated within DTA, (bottom center).  DTA Source regions are indicated by the shades of purple to yellow with yellow being the most significant source regions.  Satellite and observations indicated regions of blowing dust, which are enclosed within the yellow and red outlined areas. 


Model output wind speeds were occasionally in error resulting in less than desirable DTA forecasts.  Iraq, Jordan, Syria, southern Pakistan, eastern Pakistan, and western India were the regions that experienced the greatest variability in skill scores from the short to long-term forecasts.  The models predefined source regions do not change over time and as a result the variability is most likely due to changes in the MM5 data that were inputted within DTA.  Therefore, MM5 inputted wind data is of significant interest.  7 April 2002 was a good example of a dust event which was handled better in the short term when the MM5 wind forecasts were likely more accurate (Figure 7a).  However, it is difficult to verify directly the MM5 output winds over Iraq due to a complete absence of observations over the country.  The MM5 forecasted stronger and more unidirectional surface winds in the short range forecast, which increased the fetch and the amount of dust that could be elevated.  In this case the 12hr DTA forecast is far superior to the 60 hour forecast in terms of picking up on the duststorm over western and southern Iraq.  However, it is important to note that such forecast discrepancies are not always present, but when present can be best dealt with by following model trends leading up to a particular event. 20 February 2003 is an example of a dust event over Iraq that was consistently forecasted very well (Figure 7b).
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Figure 7a.  7 April 2002 Middle East dust event. DTA forecasts (top left), MM5 45km wind forecasts (top right), Satellite verification (bottom).  The 12hr DTA forecast more accurately predicted the Iraqi dust event due to the more accurate MM5 winds, which were incorporated in the shorter forecast projection.
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Figure 7b.  20 February 2003 Middle East dust event. DTA forecasts (top), Satellite verification (bottom).  DTA consistently forecasted a significant dust event across Iraq, Kuwait, and northern Saudi Arabia.


Although DTA occasionally errors it generally performed very well.  For example, DTA handled the duststorms well that were associated with a strong mid-latitude cyclone of 4 April 2002.  The mid-latitude cyclone increased surface winds over much of Southwest and Central Asia leading to the formation of intense duststorms (Figure 8).  The increased environmental wind speeds along with thunderstorm outflow elevated a substantial portion of the surface dust leading to many visibility reports of 0 to 2 miles.  DTA accurately forecasted the positioning and intensity of these intense dust clouds.  DTA has the tendency to more accurately forecast large scale synoptic events especially those of great strength and intensity (Figure 8).  24 March 2002 was another good example of DTA’s ability to handle synoptic systems (Figure 9).  A mid-latitude extra-tropical cyclone was located over the Mediterranean Sea to the north of Egypt and blowing dust was visible off of Egypt’s northern coast.  However, DTA did not perform well over Saudi Arabia on this day.  As stated earlier, this is likely due to weak representation of a source region over Saudi Arabia along with possible errors in MM5 wind data.  DTA tended to forecast duststorms with the greatest skill over region 4, which includes Chad and Niger.  21 March 2002 was an excellent example of DTA’s superb performance over Africa and in particular region 4 (Figure 10).  Duststorms in this region were initiated by strong easterly flow and DTA accurately predicted the extension of dust off the west coast of Africa out over the Atlantic Ocean.  DTA’s performance on 30 July 2002 over the Margow desert of southwestern Afghanistan was typical for this region in that false alarms are very rare and a DTA forecast of dust almost always verifies (Figure 11).  However, the probability of detection is also lower and some events are missed (Table 2a-c, Region 17).
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Figure 8.  4 April 2002 dust event over Central and Southwest Asia.  DTA forecast (right). Visibility reports of 1 mile or less are present in all 3 of the contoured regions.  The lack of observations over Afghanistan coupled with cloud cover prevented DTA verification over northern Afghanistan on this day. 
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Figure 9.  24 March 2002 dust event across Northern Africa and Southwest Asia.  Dust can be seen blowing off the northern coast of Egypt, which was well forecasted by DTA.  However, DTA did not forecast dust over Saudi Arabia.
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Figure 10.  21 March 2002 dust event over West Africa.  DTA forecasts (top) and enhanced satellite imagery over Chad and Niger (bottom right).  DTA generally forecasted this dust event rather well, but perhaps slightly too far to the south.  There is also a report of dust in Tunisia that was not forecasted.
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Figure 11.  DTA’s performance on 30 July 2002 over the Margow desert was typical of the forecasts over southwest Afghanistan where the false alarm ratio is low and a forecast of dust often verifies.  MM5 45km surface wind data and Ginoux source regions, which are ingested within DTA are pictured at the bottom left and top right.

[image: image11.png]



Figure 12.  Dust source regions over North Africa and the Middle East on a 0 to 1 scale with 0 (white) being a non-source region and 1 (yellow) representing the most significant of source regions. The source regions were divided and grouped into distinct regions that were used for the computation of skill scores.
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Figure 13.  Dust source regions over the Middle East and Central Asia with white being a non-source region and yellow representing the most significant of source regions. The source regions were divided and grouped into distinct regions that were used for the computation of skill scores.

Table 1a: Short Range Forecasts (6hr – 12hr) Over Africa (T9)

	
	Probability of Detection (POD)
	False Alarm Ratio

(FAR)
	Critical Success Index (CSI)
	Probability of Detection of NIL Events (POD)

	T9 Africa Regions (1-7)
	68
	16
	60
	78

	T9

Region 1
	81
	25
	64
	80

	T9

Region 2
	57
	11
	53
	83

	T9

Region 3
	77
	23
	62
	47

	T9

Region 4
	62
	14
	56
	83

	T9

Region 5
	95
	14
	82
	77

	T9

Region 6
	71
	10
	66
	88

	T9

Region 7
	44
	10
	42
	88


Table 1b: Medium Range Forecasts (30hr – 36hr) Over Africa (T9)

	
	Probability of Detection (POD)
	False Alarm Ratio

(FAR)
	Critical Success Index (CSI)
	Probability of Detection of NIL Events (POD)

	T9 Africa Regions (1-7)
	67
	15
	60
	80

	T9

Region 1
	78
	30
	58
	74

	T9

Region 2
	57
	07
	54
	89

	T9

Region 3
	72
	24
	59
	47

	T9

Region 4
	68
	10
	63
	87

	T9

Region 5
	92
	10
	83
	85

	T9

Region 6
	63
	11
	59
	88

	T9

Region 7
	47
	09
	44
	90


Table 1c: Long Range Forecasts (54hr – 60hr) Over Africa (T9)

	
	Probability of Detection (POD)
	False Alarm Ratio

(FAR)
	Critical Success Index (CSI)
	Probability of Detection of NIL Events (POD)

	T9 Africa Regions (1-7)
	59
	18
	52
	78

	T9

Region 1
	67
	38
	47
	69

	T9

Region 2
	48
	13
	45
	83

	T9

Region 3
	66
	28
	53
	45

	T9

Region 4
	51
	13
	48
	86

	T9

Region 5
	84
	11
	76
	85

	T9

Region 6
	61
	08
	58
	92

	T9

Region 7
	42
	10
	40
	90


Table 2a: Short Range Forecasts (6hr – 12hr) Over Southwest Asia (T4)

	 
	Probability of Detection (POD)
	False Alarm Ratio

(FAR)
	Critical Success Index (CSI)
	Probability of Detection of NIL Events (POD)

	T4      Southwest Asia Regions (8-18)
	65
	15
	58
	85

	T4

Region 8
	68
	26
	55
	47

	T4

Region 9
	52
	15
	48
	89

	T4

Region 10
	30
	6
	30
	98

	T4

Region 11
	70
	8
	66
	89

	T4

Region 12
	72
	6
	69
	89

	T4

Region 13
	64
	38
	46
	85

	T4

Region 14
	52
	29
	43
	89

	T4

Region 15
	80
	17
	68
	86

	T4

Region 16
	79
	7
	75
	63

	T4

Region 17 
	51
	6
	49
	94

	T4

Region 18
	81
	7
	76
	81


Table 2b: Medium Range Forecasts (30hr – 36hr) Over Southwest Asia (T4)

	 
	Probability of Detection (POD)
	False Alarm Ratio

(FAR)
	Critical Success Index (CSI)
	Probability of Detection of NIL Events (POD)

	T4      Southwest Asia Regions (8-18)
	62
	16
	55
	84

	T4

Region 8
	66
	29
	52
	37

	T4

Region 9
	55
	14
	51
	89

	T4

Region 10
	26
	7
	25
	98

	T4

Region 11
	68
	7
	65
	91

	T4

Region 12
	70
	14
	62
	71

	T4

Region 13
	70
	41
	48
	82

	T4

Region 14
	46
	21
	41
	93

	T4

Region 15
	86
	24
	68
	77

	T4

Region 16
	65
	5
	63
	75

	T4

Region 17  
	60
	3
	59
	97

	T4

Region 18
	66
	4
	65
	92


Table 2c: Long Range Forecasts (54hr – 60hr) Over Southwest Asia (T4)

	 
	Probability of Detection (POD)
	False Alarm Ratio

(FAR)
	Critical Success Index (CSI)
	Probability of Detection of NIL Events (POD)

	T4      Southwest Asia Regions (8-18)
	59
	19
	52
	82

	T4

Region 8
	56
	29
	46
	46

	T4

Region 9
	56
	20
	49
	85

	T4

Region 10
	23
	9
	22
	98

	T4

Region 11
	66
	11
	61
	85

	T4

Region 12
	69
	14
	62
	73

	T4

Region 13
	72
	47
	44
	78

	T4

Region 14
	47
	26
	40
	92

	T4

Region 15
	78
	32
	57
	69

	T4

Region 16
	48
	4
	47
	86

	T4

Region 17  
	64
	5
	61
	94

	T4

Region 18
	65
	6
	62
	89


6. Conclusions
Duststorms are significant weather events common to North Africa, Southwest Asia, and Central Asia.  The occurrence of duststorms is a function of wind speed, atmospheric stability, source region, soil type, soil moisture, and surface vegetative coverage.  Soil type and surface vegetative coverage are synonymous with source region.  Wind speed is essential to determine if dust can be lifted and then carried from the surface while atmospheric stability is significant in determining the height to which dust can be elevated.  Environmental soil moisture is usually very low and less of a factor in dust storm formation.  However, when precipitation does fall across the typically arid source regions then moisture becomes a very important component.  DTA has defined source regions on a 1( X 1( grid that take into account soil type and surface vegetation.  Furthermore, DTA incorporates 45km MM5 surface wind data, dust particle size, atmospheric stability, and soil moisture.  

An evaluation of DTA has demonstrated that DTA showed skill in predicting duststorms.  DTA had similar skill in its short (6-12hrs) and medium range (30-36hrs) forecasts before decreasing in value over the long range forecasts (54-60hrs).  Visibilities were correlated with model output dust concentrations and DTA’s projected dust concentrations were most accurate over Chad and Niger and least accurate over Yemen and Oman.  Through evaluation it has been concluded that DTA is a valuable forecasting tool that displays some of the following strengths and limitations:

DTA Strengths:

· Excellent at forecasting synoptic scale dust events 

· Warm and cold air advection induced events associated with frontal systems 

· Dust events generated by strong pressure gradient winds 

· Overall Probability of Detection is between 55-70% 

· Ginoux source model data is largely representative of the observed environmental source regions 

· Successfully transports dust from source regions to non-source regions and as expected reduces the forecast concentration as the dust is advected over bodies of water or other non-source regions 

· Excellent forecast capability with southwestern Afghanistan dust events; very low false alarm rates. 

· Highest forecast skill over north central Africa where there are significant and well defined source regions 

· Projects track of dust clouds over both land and sea providing key information on potential war fighter impacts 

 

DTA Limitations:

· Difficult time detecting microscale and some mesoscale dust events that are generated by convective downdrafts 

· Ginoux source regions are rather coarse with 1(x1( resolution washing out some of the fine details

· MM5 forecasted precipitation results in the surface dust flux being reset to zero for the remainder of the cycle resulting in an underestimation of dust events at these grid points

· Tended to under-forecast dust events in Jordan, Israel, Oman, Yemen, central and western Saudi Arabia, and the Amudarya valley of northern Afghanistan 

· Under-forecasts dust transport across large bodies of water 

· Tended to over-forecast dust events in Turkmenistan, western Iraq, and the Lut desert of southeastern Iran 

· Accounts for dust concentrations alone and can not be directly correlated to visibility although visibility hindrance and operational impacts can be inferred 

· Although output across Pakistan and western India is very accurate in the short term (6-12hrs), the 30-60 hour forecast accuracy drops off more rapidly across this region than across other studied regions 

 

Forecasting Tips:

· A DTA forecast of red or orange indicates a susceptibility to blowing dust significant enough to be noticed on satellite imagery.  In addition, blowing dust will likely cause visibilities to fall to 3 miles or less and visibilities may even fall to less than 1 mile. 
· A DTA forecast of yellow indicates a susceptibility to blowing dust that may or may not be significant enough be noticed on satellite imagery.  In addition, there is a heightened potential of visibilities falling to less than 3 miles due to blowing dust and visibilities of 6 or less miles is likely. 
· A DTA forecast of green indicates a susceptibility to a dusty haze that causes only minor reduction of visibilities. 
· DTA’s forecasting skill was high in the short-term forecasts (6-12hrs) while decreasing only slightly in the medium range (30-36hrs) and long range forecasts (54-60hrs)

Due to current DTA limitations, future advances would be beneficial in several key areas.  Forecasters desire the ability to view DTA output in terms of visibility, which to the average forecaster is more tangible than dust concentration values.  DTA also requires a scientifically advanced algorithm for handling MM5 forecasted precipitation.  The current code, equating MM5 precipitation to zero dust flux, is too primitive.  In addition, DTA needs an improved initialization scheme taking into account soil moisture and precipitation analyses.  The use of AGRMET and satellite derived precipitation data would potentially improve the quality of DTA initialization over data sparse regions.  Incorporating satellite data of observed dust storms into the initialization scheme would also be beneficial.  Furthermore, increasing the resolution of DTA and its dust source model would improve DTA’s ability to realistically portray dust events that stem from small but significant source regions.

References

AWS/FM-100/003, Mar 1980, The climate/weather regimes of Northern Africa, 59 pp.

AWS/FM-100/006, Mar 1980, The climate/weather regimes of Tropical East Africa,     34 pp.

AWS/FM-100/009, Mar 1980, The climate/weather regimes of the Arabian Peninsula.

AWS/FM-100/011, Mar 1980, The climate/weather regimes of the Middle East, 59 pp.

AWS/FM-100/012, Mar 1980, The climate/weather regimes of Southwest Asia, 49 pp.

AWS/FM-100/021, Conditions for a severe duststorm and a case study for Iraq, 10 pp.

Chin, M. P. Ginoux, S. Kinne, O. Torres, B. N.  Holben, B. N. Duncan, R. V.

Martin, J. A. Logan, A. Higurashi, T. Nakajuma, 2001: Tropospheric aerosol

optical thickness from the GOCART model and comparison with satellite and

sunphotometer measurements, J. Atmos. Sci., 59, 461-483

Cunningham, Proc. Roy. Soc. 83 (1910) 357.

Fett R. W., W. A. Bohan, and R. E. Englebretson, Jan 1983: Navy tactical applications guide. vol 5. part 1. NEPRF/TR-83-03.

Gillete, D. A., J. Ad, A. Endo, and D. Smith, 1980: Threshold velocities for

input of soil particles in the air by desert soils. J. Geophys. Res., 85, 5621-5630

Ginoux, P., M. Chin, I. Tegen, J. Prospero, et. al., Sep 2001: Sources and distributions of dust aerosols simulated with the GOCART model. J. Geophys. Res., vol. 106, 20255-20273.

Glickman, T. S., 2000: Glossary of meteorology. second edition. American Meteorological Society, 855 pp.

Hasselbarth, L. M., B. H. Barnum, B. A. Toth, Oct 2001: Surface flux dust model version description, UPOS-BC3-01, 8 pp.

Hasselbarth, L. M., B. H. Barnum, N. S. Winstead, and B. A. Toth, Feb 2002: CARMA-dust user’s guide, 1.2 ed. UPOS-BC3-06, 20 pp.

Herman, J. cited 2002: Total ozone mapping spectrometer. [Available on line from http://toms.gsfc.nasa.gov/aerosols/dust01.html]

Prospero, J. M., Mar 1999: Long-rang transport of mineral dust in the global atmosphere: Impact of African dust on the environment of the southeastern United States, Proc. Natl. Acad. Sci, USA, vol. 96, 3396-3403.

Ryan, P. B., 1985: The Iranian rescue mission why it failed. Naval Institute Press, 185pp. 

Shao, ., M. R. Raupach, and P. A. Findlander, 1993: Effect of Saltation bombardment on the entrainment of dust by wind, J. Geophys. Res., vol. 98, 12719-12726.

Soltani, G., Sep 1990: The climate of Iran. AWS/FM-90/003, 10 pp.

Tegen, I., and I. Fung, 1994: Modeling of mineral dust in the atmosphere: Sources, transport and optical thickness, J. Geophys. Res., vol. 99, 22897-22914.

Toon, O. B., R. P. Turco, D. Westhphal, R. Malone, and M. S. Liu, 1988: A Multidimensional Model for Aerosols: Description of Computational Analogs, J. Atmos. Sci. vol. 45, no. 15, 2123-2143.

Volz, F. E., Mar 1970: Spectral skylight and solar radiance measurements in the Caribbean: maritime aerosols and Sahara dust. J. Atm. Sciences, vol. 27, 1041-1047.

Walters, K. R., W. F. Sjoberg, May 1988: The Persian gulf region a climatological study. USAFETAC/TN-88/002, 62 pp.

Westphal, D. L., 1986: A numerical investigation of the dynamics and microphysics of Saharan dust storms, Thesis, The Pennsylvania State University, Dept. of Meteorology.

PAGE  
4

_1124112169.xls
Chart1

		0		0		0

		1		1		1

		2		2		2

		3		3		3

		4		4		4

		5		5		5

		6		6		6



Fcst Concentrations > 2500

Fcst Concentrations 1,800 - 2,500

Fcst Concentrations 1,000 - 1,800

Visibility in Miles

Number of Events

Relationship Between Forecasted Dust & Observed Visibility
Dust Concentrations in Micrograms per cubed meter

19

2

0

23

8

1

27

19

6

9

20

9

3

13

15

0

6

11

0

0

10



Sheet1

		Visibility		Fcst Concentrations > 2500		Fcst Concentrations 1,800 - 2,500		Fcst Concentrations 1,000 - 1,800

		0		19		2		0

		1		23		8		1

		2		27		19		6

		3		9		20		9

		4		3		13		15

		5		0		6		11

		6		0		0		10





Sheet2

		





Sheet3

		






