Available at www.scientevents.com/proscience/

ProScience 1 (2014) 26-31

Dust storm organization in large Rossby number flows
Michael Kaplan1*, Ramesh Vellore2, John Lewis1,3 , Jeffrey Underwood4,
Patricia Pauley5, Jonathan Martin6, Robert Rabin3,7, Krishnan Raghavan2
1
Desert Research Institute, Reno, Nevada 89512, U.S.A
Indian Institute of Tropical Meteorology, Pune 411008, India
3
National Severe Storms Laboratory, Norman, Oklahoma, 73032, USA
4
Georgia Southern University, Statesboro, Georgia, 30466, USA
5
Naval Research Laboratory, Monterey, California, 93943, USA
6
University of Wisconsin, Madison, Wisconsin, 53706, USA
7
Space Science and Engineering Center, Madison, Wisconsin, 53706, USA
2

Abstract
A novel paradigm for hydrostatic-scale dust storm/dust front genesis is described here, which has
been successfully verified for dust storms in the western USA and in the high plains of New Mexico
and Texas. The uniqueness of this paradigm stems from highly unbalanced (ageostrophic; larger
Rossby number regime) adjustments that rapidly organize/generate high momentum air parcels
representing the low-level turbulence kinetic energy that ablates surface dust and results in a dust
storm. This paradigm is different from the conventional one espoused by Danielsen (1974) that relies
on balanced (quasi-geostrophic; smaller Rossby number regime) jet streak adjustments and the slow
descent of stratospheric high momentum air parcels from a tropopause fold to the planetary boundary
layer. The organizational process commences with the establishment of thermal wind imbalance in
the exit region of a deep tropospheric jet streak which typically occurs when the primary jet streak
exit region encounters a secondary jetlet/jet streak or sub-synoptic baroclinic zone. To achieve
thermal wind balance, substantial mid-tropospheric cooling is necessary within the entire exit region
of the primary jet streak which results from the thermally direct ageostrophic ascending circulation
ahead of and on the right side of the jet streak. Upon the formation of the cold pool, the low-level
response to this cooling includes hydrostatic pressure rises on the forward and right side of the exit
region which accelerates the low-level winds through an isallobaric/ageostrophic response. Surface
pressure rises drive surface winds and in concert with the advection of the cold air generate extreme
turbulence kinetic energy within the planetary boundary layer necessary to ablate surface dust in the
desert playa regions.
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1. Introduction
One of the most common locations for dust storm formation in the world is the high
plains of eastern New Mexico and western Texas, USA, owing to the unique combination
of soils and the proximity to complex atmospheric adjustments as air streams exit the Front
Range of the New Mexico Rocky Mountains. These dust storms often precede major severe
convective storm outbreaks. In this study, we demonstrate the application of the recently
developed dust storm paradigm (Lewis et al., 2010; Kaplan et al., 2013) for the precursor
conditions observed on 10 May 2010 prior to a major tornado outbreak in Oklahoma, USA.
We will focus on the observational and numerical simulation analyses over the states of
Arizona, New Mexico and Texas during the precursor period. The observations and the
numerical simulation employed in this study are briefly described in section 2. Section 3
describes key signals in both observations and simulations indicating large Rossby number
(accelerative) flow resulting in cold front formation above the planetary boundary layer
(PBL) and its accompanying pressure rises and strong turbulence kinetic energy front
within the PBL in proximity to dust storm genesis. The summary of the results follows in
section 4.
2. Observational analyses and simulation setup
The observations used in the analyses include: rawinsonde soundings, surface
observations/meteograms, wind profiling radars, MODIS satellite imagery, and North
American Regional Reanalyses (NARR) and Rapid Update Cycle (RUC) datasets. The
Weather Research and Forecasting (WRF; Skamarock et al., 2008) model is employed for
the numerical simulation. Four WRF modeling domains are configured for this study with
finer resolution over the Southern Plains of the USA. Horizontal grid spacing in the model
domains is 54, 18, 6 and 2 km, respectively, and the model has 71 levels in the vertical [see
Kaplan et al. (2013) for the details of model physics]. Initialization and boundary value
specification is accomplished by recourse to products from the National Center for
Environmental Prediction’s (NCEP’s) global forecast model (the Global Forecast SystemGFS; http://rda.ucar.edu/datasets/ds083.2). The WRF was initialized at 0000 UTC (05/09),
40 hours prior to the onset of the dust storm in eastern New Mexico.
3. Results
3.1 Evidence of the dust storm
a)

b)
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c)

d)

Fig. 1. Surface observations at a) Clovis, New Mexico, b) Amarillo, Texas, c) and Lubbock,
Texas valid for 10 May 2010. d) MODIS imagery over northeastern New Mexico, northwestern
Texas and southwestern Oklahoma valid at 1820 UTC 10 May 2010.

Fig. 1 provides the evidence of the significant dust storm activity that occurred over
northeastern New Mexico (NM), northwestern Texas (TX), and southwestern Oklahoma
(OK) during 1600-2200 UTC on 10 May 2010 (05/10). Surface observations at Clovis,
NM, Amarillo, TX and Lubbock, TX as well as Childress (TX) and Hobart, OK (not
shown) unanimously confirm the arrival of dust with reduced visibilities as low as 3 km,
surface pressure falls followed by rises, gusty surface winds exceeding 20 m s-1, rapid
drying and steady to falling temperatures. The MODIS imagery (Fig. 1d) shows the dust
plume from near Clovis (located near the center of the image) to Amarillo and Lubbock
eastward to the Oklahoma border at 1820 UTC (05/10). Key stages in the development of
the environment leading to the surface turbulence kinetic energy producing the dust storm
is demonstrated here in four stages: i) jetlet genesis due to thermal wind imbalance in large
Lagrangian Rossby number Ro L  dV dt f V flow, ii) formation of a cold front aloft (CFA)
resulting from thermally direct ascending motion, iii) mean sea level pressure rises
accompanying isallobaric/ageostrophic flow and iv) development of surface turbulence
kinetic energy as the atmospheric column destabilizes.
3.2 Dynamics of the dust storm genesis: Stages I-IV
Fig. 2 shows the elements of the initial adjustment process to thermal wind imbalance.
This adjustment occurs as the exit region of the polar jet streak encounters the blocking of a
deep well-mixed heat plume [Albuquerque (ABQ) sounding in Fig. 2b] over northwestern
New Mexico. The imbalance between the geostrophic and total wind shears on the
periphery of this hot plume/hydrostatic thickness perturbation forces significant unbalanced
adjustments as the geostrophic exit region of the polar streak accelerates producing
leftward-directed ageostrophic flow and mesoscale jetlet genesis. The NARR winds (Fig.
2c) accelerate consistent with Lagrangian Rossby numbers (Fig. 2d) from the WRF 2 km
simulation which exceed 5.0 at 650 mb southwest of ABQ. This represents very high
Rossby number flow and is also verified in the Aztec wind profiler time section in
northwestern NM (not shown). Therefore, an unbalanced ascending plume is generated
over central NM due to the divergence on the right forward flank of the mesoscale jetlet.

ProScience 1 (2014) 26-31

29

a)
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c)

d)

Fig. 2. a) RUC 650 mb temperature (pink warmest in K) valid at 0000 UTC, b) Albuquerque, NM observed
sounding valid at 0000 UTC, c) NARR heights (m), wind barbs (kt) and isotachs (colored in kt) valid at 0900 UTC
and d) WRF 2-km 650 mb Lagrangian Rossby number (values larger than 0.5 are only shown here with the largest
magnitudes clustered southwest of ABQ) valid at 0800 UTC 10 May 2010.

Fig. 3 shows the consequences of the stage I adjustments. The ascent on the right side of
the jetlet produces adiabatic cooling which strengthens a 650 mb cold front aloft (a-b) aloft
moving across northeastern NM and the Texas panhandle (northeast region in Fig. 3c). As
the cold air moves downstream it overruns the low-level dryline (c) contributing to a deep
adiabatic layer and pressure rises as mass flux convergence occurs throughout the column.
This cooling can be seen in the deep adiabatic layer building in the ABQ, NM 1200 UTC
sounding (d).
Fig. 4 shows the consequences of cooling aloft due to the arriving CFA, which leads to
integrated mass flux convergence and pressure rises (a) that are coincident in time with the
wind accelerations below 700 mb in the Tucumcari (TCC) profiler over east central New
Mexico (b) both during the 1200-1500 UTC time period. These low-level accelerations due
to the isallobaric wind and growing dry adiabatic layer (c-d) during this period in the WRF
2 km simulation creates the rapid increases of turbulence kinetic energy that fuels dust
storm genesis after 1600 UTC (Fig. 1).
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Fig. 3. a-c) NARR 650 mb heights (m), wind barbs (kt) and isotachs (colored in kt), b) NARR 650 mb
temperature (red warmest in K), c) NARR 950 mb temperature (red warmest in K) and d) Albuquerque,
NM sounding all valid at 1200 UTC 10 May 2010.

4. Summary
A prominent four-stage process in an accelerating flow environment that creates dust
storm activity in the southern High Plains is described in this study. The stages are as
follows: 1) unbalanced high Rossby number flow and mesoscale jetlet formation in the exit
region of a polar jet streak as it encounters a deep well-mixed layer, 2) CFA formation on
the right front flank of the jetlet in response to divergence tendencies and deep lifting, 3)
the development of integrated mass flux convergence, low-level isallobaric ageostrophic
flow and strong surface winds in conjunction with 4) surface heating under the CFA
leading to a deep well-mixed PBL and the generation of TKE.
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Fig. 4. a) Observed mean sea level pressure tendency (mb/3 hr) valid from 1200-1500 UTC, b) Tucumcari,
NM wind profiler (m/s) valid from 2200-1000 UTC, c-d) WRF 2 km simulated vertical cross section from
Las Cruces, NM to Enid, OK of potential temperature (K), wind barbs (m/s), and turbulence kinetic
energy (TKE) (colored in m2 s2) valid at 1200 UTC and 1600 UTC 10 May 2010.
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