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[1] The infamous dust storm over the thanksgiving holiday of 1991 that led to loss of life
from numerous automobile accidents on Interstate 5 (I-5) has been re-examined. Pauley
et al. (1996) conducted an earlier investigation of this dust storm following the tenets of
Danielsen’s paradigm—a paradigm that links the tropopause fold phenomenon and a
balanced thermally indirect circulation about the upper level jet stream. However, a cursory
examination of mesoscale structures in the storm from the North American Regional
Reanalysis (NARR) indicated evidence of a low-level unbalanced thermally direct
circulation that demanded further investigation using a high-resolution Weather Research
and Forecasting (WRF) model simulation. Principal results from the present study follow:
(1) Although the model simulation showed evidence of a weak indirect circulation in the
upper troposphere in support of the Danielsen’s paradigm, the dynamic control of the storm
stemmed from the lower tropospheric mesoscale response to geostrophic imbalance. (2) A
lower tropospheric direct circulation led to mass/temperature adjustments that were
confirmed by upper air observations at locations in proximity to the accident site, and (3)
boundary layer deepening and destabilization due to these mesoscale processes pinpointed
the timing and location of the dust storm. Although the present study does not
underestimate the value of analyses that focus on the larger/synoptic scales of motion, it
does bring to light the value of investigation that makes use of the mesoscale resources in
order to clarify synoptic-mesoscale interactions.
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1. Introduction

[2] Following the investigation of dust storms over the Black
Rock Desert (BRD) and more generally north-central Nevada
[Lewis et al., 2011; Kaplan et al., 2011—subsequently referred
to as BRD studies], a view of dust storm generation was
developed that differed from the classic view of Danielsen
[Danielsen, 1968, 1974; Pauley et al., 1996; Martin, 2008;
Schultz and Meissner, 2009]. Succinctly stated, the Danielsen
view places emphasis on elongated trajectories that originate
in the lower stratosphere and descend into the troposphere
with speeds on the order of 30–40ms�1 (the “tropopause fold”

phenomenon). Upon reaching the low-level adiabatic layer that
typically resides over the deserts of the western USA in late
spring, summer, and early fall, momentum rapidly mixes to
the ground as strong wind gusts. The underlying dynamics are
quasi-geostrophic (Q-G) where an indirect transverse circula-
tion about the jet leads to descending motion on the right side
(anti-cyclonic/warm-air side). Danielsen’s exquisite manual
upper air analyses were based on the assumption of isentropic
flow where data came from rawinsondes and instrumented
aircraft (in some cases). In the BRD studies mentioned
above, the mechanism for dust storm generation is linked to
geostrophic adjustment—an initial large-scale geostrophic
imbalance primarily rectified by a sub-synoptic mass-field
adjustment where direct transverse circulations about the jet
lead to the generation of low-level ageostrophic/isallobaric
winds [Rochette and Market, 2006] that ablate dust in the
well-mixed turbulent boundary layer.
[3] In the presence of results from the BRD studies, a cursory

retrospective examination of atmospheric conditions surround-
ing the dust storm of November 1991 was undertaken. Pauley
et al. [1996] performed the initial study of this dust storm.
The storm occurred in the San Joaquin Valley of California
(Figure 1) at 2200 UTC 29 November 1991; the large volume
of traffic over the thanksgiving holiday led a series of automo-
bile accidents and loss of life [Covitz et al., 1992].
[4] Arguments in Pauley et al. [1996] followed the

Danielsen paradigm [Danielsen, 1974] to a large degree.
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The vertical motions were found by examination of analyses
from the U. S. Navy’s optimum interpolation data assimila-
tion scheme [Barker, 1992] where the forecast from the
Navy’s operational regional prediction model served as the
background (NORAPS: Navy Operational Regional Atmo-
spheric Prediction System) [Liou et al., 1994; Hodur,
1987]. The synoptic analyses (grid resolution of 60 km) at
700 hPa (cf. Figures 14 and 15 from Pauley et al. [1996])
gave evidence of an indirect circulation about the jet just
north of the accident location (indicated by � in Figure 1)
at the time of the accident. With the advantage of the more
recent NARR (North American Regional Reanalysis)
[Mesinger et al., 2006] data set with a finer resolution of
32 km and background fields from the Eta model, the
corresponding vertical motion pattern from NARR gives
evidence of a smaller-scale ascent at the time and place of
the accident—indicative of a sub-synoptic scale direct
circulation in agreement with the BRD studies.
[5] The scientific justification for this research lies to a

large extent in the fact that these preliminary findings
strongly underscore how mesoscale jet streak adjustment
processes, even in the absence of strong diabatic heating,
may control low-level mass and momentum fields. In partic-
ular, the preliminary findings highlight how thermally direct
and unbalanced ageostrophic circulations at the mesoscale
within the lower troposphere can supercede larger-scale
balanced circulations in terms of changing the low-level
mass and momentum fields. Dust storms are tracers for these
turbulence kinetic energy (TKE)-generating processes.
These adjustments are finer in scale than quasi-geostrophic
adjustments but larger in scale than most convective cells
and convective clusters; thus, they exist in a space/time scale

not always well observed and ubiquitously referenced as
causing important mesoscale weather phenomena.
[6] Without refuting the existence of a large-scale indirect

circulation, yet in the presence of some evidence of a direct
circulation on a smaller scale, a decision was made to
more carefully examine the I-5 dust storm with the advan-
tage of the Weather Research and Forecasting (WRF) model
[Skamarock et al., 2008] that was used in the second of the
BRD studies mentioned earlier [Kaplan et al., 2011].
[7] We begin our study with an examination of the synop-

tic and sub-synoptic flow fields prior to the development of
the I-5 dust storm. An outline of the numerical experiment
design follows, along with a synthesis of the results. We
conclude with a discussion of processes that govern the
generation of the dust storm.

2. Setup for the I-5 Storm

[8] To clarify critically important synoptic and mesoscale
structures that set the stage for the storm, our examination is
divided into a pre-storm synoptic scale period from 1200
UTC 28 November 1991 to 1200 UTC 29 November 1991
(labeled “day 1”) and the immediate mesoscale period from
1500 UTC 29 November 1991 to 2100 UTC 29 November
1991 (labeled “day 2”). The NARR products, manually
constructed surface analyses, and a Landsat geomorphology
product are used in this examination.

2.1. Day 1—Synoptic Setup: 1200 UTC 28 November
1991–1200 UTC 29 November 1991

[9] Figure 2 shows the 500 hPa geopotential height,
horizontal winds, and temperature fields at 1200 UTC 28
November 1991 and 0000 UTC 29 November 1991, and
Figure 3 shows the 700 hPa vertical motions at 1800 UTC
28 November 1991 from NARR, respectively. A deep cold
positively tilted (northeast-southwest orientation) trough is
centered over an area extending fromMontana down through
southern California and west of Baja California at 1200 UTC
28 November 1991. It moves eastward and slightly south-
ward over the subsequent 12 h period. Another strong
baroclinic zone is noted over British Columbia in Canada at
1200 UTC 28 November 1991 with a low-amplitude geopo-
tential ridge that is oriented along a line that passes through
Washington-Oregon-Idaho (indicated in Figure 2). This
baroclinic zone intensifies and advances southward into the
Pacific Northwest by 0000 UTC 29 November 1991.
[10] A classic ascent/descent pattern is apparent from the

700 hPa vertical motion fields at 1800 UTC 28 November
1991 with descending pattern behind the trough over most
of California (shown in Figure 3) and ascending pattern over
eastern Arizona (not shown) ahead of the trough. Further,
there is evidence of a Q-G indirect circulation in the exit
region of the jet—a circulation that runs across the section
from northeast Arizona through southern California. Also
apparent is a strong northeast-southwest mesoscale gradient
of lifting indicative of a possible mountain wave structure
extending from the Central Valley of California (Figure 1)
northeastwards to the crest of the Sierra Nevada Mountains.
Air from above 700 hPa is being forced down the Sierra
Nevada and adiabatically warmed by the cross-mountain
(north-northeasterly) flow at 1800 UTC 28 November 1991
accompanying the jet streak.

Figure 1. Topographical map of California and Nevada
(Source: United States Geological Survey). Also shown are
station locations with identifiers and the Great Central Valley
in California where its northern (southern) half is referred to
as the Sacramento (San Joaquin) Valley, Sierra Nevada
Mountains, and the vertical cross sections (A-B, C-D, and
E-F) used in the study. The accident site is marked by �.
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[11] Figure 4 shows the 750 hPa air temperature at 0900
and 1500 UTC 29 November 1991. This clearly exhibits
the warming over California and the adjoining region over
the Pacific Ocean. The strong temperature gradient over
most of California reflects the aforementioned vertical
circulations. Two baroclinic zones are apparent: (1) a
meso-a scale (approximately 750 km) zone-oriented south-
north and located within the warm Laplacian of temperature
over the northern California coast and a west-east-oriented
meso-b scale zone (approximately 100 km) closely aligned
with the lee (western) side of the Sierra Nevada Mountains
(Figure 1), i.e., from Central California northeastwards.

The meso-a scale (200–2000 km) and meso-b scale
(20–200 km) definitions are derived from Orlanski
[1975]. These baroclinic zones below the 700 hPa
descending air (Figure 3) reflect the meso-a scale jet exit
region indirect circulation and meso-b scale sinking
imposed by orographic descent on the western side of
the Sierra Nevada accompanying cross-mountain north-
northeasterly airflow.
[12] The adiabatic warming signal gives rise to a large-

magnitude lower tropospheric geopotential height gradient
and associated large-magnitude veering geostrophic flow
above the western (lee) side of the Sierra Nevada (vertical
sounding not shown). This veering geostrophic flow is not
in thermal wind balance ahead of the second (upstream) jet
streak that arrives just 3–6 h after 0900 UTC 29 November
1991. The second lower mid-tropospheric jet streak associ-
ated with the baroclinic zone over the Pacific Northwest
advances into this pre-conditioned mass field with multiple
baroclinic zones which leads to a severe geostrophic
imbalance—a sub-geostrophic flow regime accompanying
thermal wind imbalance signature found in the BRD studies
mentioned in the introduction.

2.2. Day 2—Mesoscale Structure: 1500–2100 UTC 29
November 1991

[13] Figures 4–6 show the 1500 UTC 750 hPa tempera-
ture, horizontal winds on the 299K isentropic surface, and
vertical motions on the 800 hPa surface from NARR during
1500–1800 UTC 29 November 1991, respectively. Clearly,
the jet streak over British Columbia that was evident at
1200 UTC 28 November 1991 (Figure 2) has advanced into
California at these later times with a noticeable development
of curvature in the region of maximum winds. This devel-
opment is evidence of a mesoscale adjustment to the sub-
geostrophic flow regime that was a hallmark of the earlier
BRD studies, i.e., lifting, adiabatic cooling, and height falls.

Figure 3. The 700 hPa vertical p-velocity (contour interval
= 3mb s�1) from NARR at 1800 UTC 28 November 1991.

Figure 2. The 500 hPa horizontal winds (gray shaded; isotachs; m s�1), geopotential height (solid;
contour interval = 60m), and air temperature (dashed; contour interval = 2�C) from NARR at (a) 1200
UTC 28 November 1991 and (b) 0000 UTC 29 November 1991. State identifiers (California, Montana,
Oregon, Nevada, Utah, Washington, Arizona, and Oregon from the U.S.; British Columbia from Canada;
and Baja California from Mexico) used in the study are shown in the figure.
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The net effect of these adjustments is cold air development,
and its movement across the jet from east to west toward
the Central Valley of California can be seen in Figure 4b.
[14] Consistent with this cooling and height falls is a

mesoscale wind maximum (jetlet) in the left exit region of
the geostrophic jet streak which can be seen to develop by
1500 UTC 29 November 1991 over south central California
just southeast of Bakersfield (BFL) and to strengthen/propa-
gate slowly southeastwards through 2100 UTC to the south
of Edwards Air Force Base (EDW). This signal of acceler-
ating flow, approximately 8m s�1 in 3 h during 1500–1800
UTC 29 November 1991, in the exit region southeast
of BFL (Figures 5a and 5b) organizes velocity divergence
and an ascending motion maximum (Figure 6). This ascend-
ing maximum propagates rapidly southwards from south
of NLC to southwest of EDW during the 1500–2100
UTC period.

[15] The mesoscale ascent, located between the larger jet
streak’s exit region and the entrance region of the jetlet,
strengthens exceeding 20 mb s�1 by 2100 UTC 29 November
1991. This ascent feature differentiates the predominantly
Q-G descent/ascent pattern behind and ahead of the trough
in the NORAPS 700 hPa vertical motion (o) field from a
mesoscale ascent zone just north of the jetlet in the NARR
700 hPa o-field seen at 1800 UTC 29 November 1991
shown in Figure 7 in the region surrounding the stations
BFL-Lemoore NAS (NLC)-Paso Robles (PRB) [see Figure 1
for station locations]. Note that the NARR displayed
ascending motions in the southern part of the Central
Valley of California as compared to the virtually nonexis-
tent ascending motions in the NORAPS analysis at the
same time and location. However, the ascent displayed
by the NARR is inconsistent with Q-G theory descent
behind the trough.

Figure 4. The 750 hPa air temperature (contour interval = 1�C) and horizontal winds (full barb = 5m s�1)
from NARR at (a) 0900 UTC and (b) 1500 UTC 29 November 1991.

Figure 5. Horizontal winds (full barb = 5m s�1) on the 299K isentropic surface [isotachs shaded (m s�1)]
from NARR at (a) 1500 UTC, (b) 1800 UTC, and (c) 2100 UTC 29 November 1991. The accident site is
marked by �.
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[16] The strong 700–800 hPa ascent through central and
southern California is responsible in large part for the cooling
mentioned above—an adiabatic cooling in response to this
non Q-G ascent followed by subsequent south-southwestward
horizontal advection of cold air. The frontal passage caused by
this non-uniform mesoscale cold air advection produces the
rapid temperature fall beneath 600 hPa observed in the
Vandenberg Air Force Base (VBG) radiosonde observations
at 0000 UTC 30 November 1991 (see also Figure 19b). This
rapid cooling occurs at VBG in only 3 h in both the NARR
as well as WRF simulation which will be discussed later.

[17] The NARR mean sea level pressure (PMSL) and
horizontal winds at 975 hPa at 1800 and 2100 UTC 29
November 1991 are shown in Figure 8. The mesoscale
depletion of mass in the columns of ascending air gives rise
to the low pressure pattern (and associated inverted trough)
that propagates southward while simultaneously extending
northwestward in the Central Valley of California (Figure 1).
This mesoscale inverted trough is upstream of the synoptic-
scale low-pressure center over extreme southeastern Califor-
nia. This is occurring under the aforementioned jetlet on
the 299K isentropic surface with associated lifting and
adiabatic cooling.
[18] Manual subjective surface pressure analyses shown

in Figure 9 further add detail to the NARR products. Notice
that the subjectively analyzed inverted trough of low
pressure has a more west-east orientation than the pattern
displayed by NARR. Further, it exhibits much smaller-scale
contraction from meso-a scale in NARR to meso-b scale in
the analyzed surface observations. In view of the pressure
tendency field shown in Figure 10, it is apparent that a
major component of the surface winds is an ageostrophic/
isallobaric flow.

[19] The isallobaric part
!
Vis

� �
of the ageostrophic wind

!
Vag

� �
[Bluestein, 1992; Martin, 2006; Rochette and

Market, 2006] is given as follows:

!
Vis ¼ � 1

rf 2
rz

@PMSL

@t

� �
(1)

where r is the air density and f is the Coriolis parameter.
This component is caused by air accelerating into the
meso-b scale trough across the southern part of the San
Joaquin Valley (Figure 1). The structure of the lower level
tropospheric fields and surface pressure patterns (Figures 8–10)
give evidence of mesoscale mass-field adjustment in
response to the large-scale geostrophic imbalance. This
combination of features was found and addressed in the
BRD studies.

Figure 6. The 800 hPa vertical motion (contour interval =
2 mb s�1) from NARR at 1800 UTC 29 November 1991
(Source: http://nomads.ncdc.noaa.gov; Rutledge et al.
[2006]). Thick dotted lines show the state boundaries for
California and Nevada. The accident site is marked by �.

Figure 7. The 700 hPa vertical p-velocity (contour interval = 3 mb s�1) at 1800 UTC 29 November 1991
from (a) NORAPS (Source: Pauley et al. [1996]) and (b) NARR (Source: http://nomads.ncdc.noaa.gov;
Rutledge et al. [2006]). The accident site is marked by �.
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2.3. Geomorphology Near the Accident Site of the
Dust Storm

[20] The Landsat-NDVI (Normalized Difference Vegetation
Index) [Vogelmann et al., 2001] derived imagery in the vicinity
of the dust storm is shown in Figure 11 with superposition of
the surface wind direction shown in Figure 9. Figure 11
illustrates the surface conditions in the southern San Joaquin
Valley (see Figure 1 for the location) prior to the dust storm
on 29 November 1991. The NDVI is illustrated as a continuum
with highly vegetated regions (shaded green) and areas of bare
ground (shaded dark brown). This continuum permits identifi-
cation of possible dust sources in the southern San Joaquin
Valley. It is likely that the areas shaded in brown (where there
was an absence of vegetation) along the western portion of

the southern Valley were sources for dust entrainment. As will
be seen later, there was also high-intensity turbulence kinetic
energy (TKE> 3.0 J kg�1; see also Figure 20) co-located with
broad areas of dry, non-vegetated ground along the western
portion of the Valley on 29 November 1991. With high winds,
adequate near-surface turbulence and limited vegetation to
inhibit saltation and entrainment, it is likely that dust entrain-
ment and transport was highly efficient acrossmuch of thewest-
ern portion of the San Joaquin Valley near the I-5 accident site.

3. Design of WRF Numerical Experiment

[21] A high-resolution numerical simulation is conducted
using the mass core non-hydrostatic Weather Research and

Figure 8. Mean sea level pressure (PMSL; solid; contour interval = 1 hPa) and horizontal winds at
975 hPa from NARR at (a) 1800 UTC and at (b) 2100 UTC 29 November 1991.

Figure 9. Subjectively analyzed PMSL analysis (modified
from Figure 11 of Pauley et al. [1996]) at 2200 UTC 29
November 1991. Overlain is the cross-section A-B as shown
in Figure 1, and � marks the accident site.

Figure 10. Subjectively analyzed PMSL tendency [(hPa
(5 h)�1] valid for the period 1700–2200 UTC 29 November
1991. Overlain is the cross-section A-B as shown in Figure 1,
and � marks the accident site.

KAPLAN ET AL.: DUST STORM

632



Forecasting (WRF) model [Skamarock et al., 2008]. The
WRF model is built over a parent domain whose horizontal
grid dimensions are 157� 127 grid points (54 km grid
spacing in the horizontal direction) in the west-east and
south-north directions, respectively. Three modeling
domains are nested into the parent domain consisting of
247� 247 grid points (18 km grid), 451� 451 grid points
(6 km grid), and the innermost nest has 721� 721 grid
points (2 km grid). The four WRF modeling domains are
shown in Figure 12. The interactive strategy between the
model domains is one way. The model configuration has
47 levels in the vertical extending up to 15 km AGL; 18
vertical levels were below 1.5 km AGL with the lowest
model level set at 10m AGL.
[22] High-resolution (0.08�) datasets of topography, land

mask, land use, and 25 vegetation types and 16 soil types
archived by the United States Geological Survey (USGS)
are used for static fields in the simulations. The model phys-
ics includes (i) momentum and heat fluxes at the surface
computed using an Eta surface layer scheme [Janjić, 1996,
2001] following Monin-Obukhov similarity theory, (ii)
turbulence processes following the Mellor-Yamada-Janjić
level 2.5 model [Mellor and Yamada, 1974, 1982; Janjić,
2001], (iii) convective processes following the Betts-
Miller-Janjić cumulus scheme [Betts, 1986; Betts and Miller,
1986; Janjić, 1994]—applied only on 54 and 18 km grids—
(iv) cloud microphysical processes following explicit bulk
representation of microphysics [Thompson et al., 2004,
2006], (v) radiative processes using the Rapid Radiative
Transfer Model for long wave radiation [Mlawer et al.,
1997] and Dudhia’s short wave scheme [Dudhia, 1989],
and (vi) the land-surface processes following the Noah

Figure 11. NOAA Landsat-NDVI mosaic image of the
San Joaquin Valley of California for October 1991. Dashed
(white) vectors represent observed wind direction during
the dust storm at 2200 UTC 29 November 1991, and dashed
(black) vectors point to dust sources. Also shown are the I-5
corridor and the accident site.

Figure 12. WRF modeling domains employed in this study. Also shown are the state identifiers in
the western USA [WA=Washington, OR=Oregon, NV=Nevada, CA=California, AZ =Arizona,
ID = Idaho, UT=Utah, and NM=New Mexico].
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land-surface model (Noah LSM) which provides the surface
sensible and latent heat fluxes, and upward longwave
and shortwave fluxes to the atmospheric model [Chen and
Dudhia, 2001; Ek et al., 2003].
[23] The WRF model was initialized at 0600 UTC 29

November 1991 using 3 hourly NARR datasets. Figure 1
also illustrates three cross-sections A-B (SW-NE orientation
focusing on unbalanced ascent), C-D (NW-SE orientation
focusing on TKE) and E-F (WSW-ENE orientation focusing
on jetlet adjustments) used in the study. The cross-sectional
analysis was performed for the day 2 period and includes
vertical motion, isentropes, horizontal winds, and TKE.

4. Mesoscale Results from WRF

[24] We divide our discussion of mesoscale results from
WRF into the following subsections: (1) Evolution of jetlet,
ageostrophy, and flow in a high Rossby number regime; (2)
plan view of lower tropospheric vertical motion and display
of vertical motion and thermodynamic structure over the
entire troposphere along a judiciously chosen cross section;
(3) advance of low-level cold air over the accident site; (4)
development of TKE in the planetary boundary layer
(PBL); and (5) Lagrangian back trajectories from locations
near the accident site.

4.1. Jetlet Evolution

[25] In accordance with the mesoscale wind maximum
(jetlet) seen in NARR fields and surface observations during
the period 1500–2100 UTC 29 November 1991 (Figures
5–10; section 2), the region between the cross-sections
A-B and E-F shown in Figure 1 is the optimal target location
for critical mesoscale wind and mass adjustment, in other
words, the region encompassing the stations BFL-Bishop
(BIH)-NLC-Fresno (FAT)-China Lake (NID). We analyze
the cause and consequences of this jetlet closely here using
WRF results at a finer spatial and temporal resolution than
can be achieved from NARR and surface observations.
[26] Figure 13 shows the wind and vertical motion fields

at 1800 UTC 29 November 1991. The focal point for this
analysis is the group of mesoscale jetlet features in the
vertical layer between isentropic surfaces 295 and 300K or
700–800 hPa. Isentropic analyses of winds on 297 and
299K, shown in Figure 13, indicate a narrow (less than
100 km in width) jetlet development in between BFL-BIH-
NLC-FAT-NID which is clearly separated from the primary
upstream jet streak seen along the California Coast. The
jetlet is forced in large part by the terrain-induced west-east
mesoscale height gradient in the region between FAT and
BIH at 1500 UTC, and subsequently between BFL and
NID at 1800 UTC 29 November 1991 (not shown).
[27] A significant height gradient on an isentropic surface

portrays a region where isentropes slope substantially, which
on a pressure surface is seen as a region of significant tem-
perature gradient. This height gradient is analogous to the
temperature gradient over the Sierra Nevada and between
the Sierra Nevada and Central Valley of California resulting
from the cross-mountain flow on 28 November 1991 (day 1,
section 2.1, Figures 3 and 4). The downslope flow produced
higher heights in the warm-air side on the western slopes of
the Sierra Nevada relative to the cooler air at the same level
over the Central Valley of California and also relative to the

cooler air on the eastern windward slope of the Sierra
Nevada on day 1. The primary and very large height gradient
being oriented west-east over the western Sierra Nevada
slope below 700 hPa. The jetlet development on the 299K
isentropic surface occurs over a 3 h period (1500–1800
UTC 29 November 1991) with increasing total wind magni-
tudes from 27m s�1 at 1500 UTC to 40m s�1 at 1800 UTC.
It represents a fast adjustment because the westerly flow
ahead of the large-scale jet streak forces a geostrophic/
thermal wind imbalance in the Central Valley region of
strong zonal height gradient at the mesoscale. This orienta-
tion of this jetlet is in agreement with the orientation of the
inverted trough (oriented north-northeast-south-southwest;
Figures 9 and 10 along cross-section A-B). The jetlet can also
be best seen to the southeast of cross-section A-B along
cross-section E-F at 1800 UTC (Figure 13c) as a sloping
wind maximum in the 290–300K layer extending down-
wards over the western side of the Sierra Nevada crest, i.e.,
south of BIH.
[28] Ascent in the warm air above the Central Valley of

California exists to even above the 310K isentropic surface
(in cross-section E-F in Figure 13c) which clearly signals a
thermally direct circulation accompanying this mesoscale
feature with rising in the warm leeside air. As will be shown
in Figure 16, the ascent maximizes along A-B upstream of
the jetlet which is strongest along E-F. This further implies
the existence of velocity divergence west of the Sierra
Nevada along A-B accompanying this feature thus inducing
pressure falls close to the location of the aforementioned
inverted trough between FAT and the California coast
(Figures 9 and 10) along cross-section A-B centered in time
at 1800 UTC 29 November 1991. Note that the ascent at
1800 UTC was virtually absent in this location 3 h earlier
along the cross-section A-B which clearly signals the
explosive development (highly accelerative) and southward
propagation of this mesoscale feature and its divergence ahead
of the larger-scale jet streak and behind the mesoscale jetlet.

4.2. Ageostrophy Evolution and Distribution of the
Lagrangian Rossby Number

[29] The Lagrangian Rossby number, RoL, has been used
to advantage in earlier synoptic-mesoscale studies that have
aimed to identify regions of mesoscale motions [e.g., Van
Tuyl and Young, 1982; Zack and Kaplan, 1987; Koch and
Dorian, 1988; Zhang et al., 2000; Kaplan et al., 2011]. In
essence, this number is a ratio of wind magnitudes, the ratio

of ageostrophic wind
!
Vag

� �
magnitude to the magnitude

of the entire horizontal wind
!
VH

� �
. The mathematical form

of this ratio is

RoL ¼
@
!
VH
@t þ !

VH�r
� �!

VH

��� ���
f
!
VH

��� ��� (2)

wherer is the horizontal gradient vector. RoL ≥ 0.5 generally
represents a strongly accelerative mesoscale flow and is
labeled a “high Rossby number regime”, whereas RoL ~ 0.1
is weakly accelerative and characterizes a Q-G regime
(see review in Zhang et al. [2000]). In our domain of interest,
notably over central and southern California, RoL has been
calculated at low-, mid-, and high-levels in the troposphere
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over the 12 h period preceding the onset of the dust
storm. The high RoL regimes were only significant at lower
tropospheric levels (below 675 hPa) and diminished in
magnitude aloft.
[30] Figures 14 and 15 show the evolution of the 775 hPa

ageostrophic wind component and Lagrangian Rossby
numbers during the 1500–1800 UTC period on 29 Novem-
ber 1991 focusing on the region surrounded by the stations
BFL-NLC-FAT-BIH-NID. A narrow region of eastward-
directed ageostrophic flow develops within the broader
northward-directed ageostrophic flow region northwest of
BFL and then builds southeastwards as the predominantly
westerly ageostrophic component intensifies nearly 13m s�1

in 3 h just west of the Sierra Nevada from BIH southward to
near NID as explained above.
[31] The RoL values, which are indicative of a Lagrangian

acceleration of this extraordinary magnitude, increase in
isolated locations by 1800 UTC 29 November 1991 to much
greater than 1 in magnitude in the region bounded by BFL-
NLC-FAT-BIH-NID. This indicates that the jetlet is
developing within the larger-scale geostrophic jet streak’s
exit region and is highly accelerative accompanying a
thermally direct ageostrophic circulation—not decelerative
indirect circulation. The velocity divergence northwest of
the jetlet and southeast of the I-5 accident location accompa-
nying this circulation organizes the ascent, pressure falls,

Figure 13. Horizontal wind speeds [isotachs (shaded)] valid at 1800 UTC 29 November 1991 on the is-
entropic surfaces (a) 297K and (b) 299K. (c) Potential temperature (θ; dashed; contour interval = 2K),
vertical p-velocity (magnitudes given in mb s�1), and horizontal winds [full barb = 5m s�1; isotach contour
(solid) interval = 5m s�1] along the cross-section E-F from WRF (2 km grid). � marks the accident site.
The closest location to BFL along E-F is at 160 km.
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and adiabatic cooling along cross-section A-B during
1700–1800 UTC 29 November 1991 (Figure 16). The
WRF simulation represents yet additional evidence of the
highly accelerative and thermally direct nature of this
feature resulting from the interaction between the southward-
propagating quasi-geostrophic jet streak’s exit region and the
previous day’s mesoscale baroclinic zones along the west side
of the Sierra Nevada Mountains.

4.3. Vertical Motion

[32] Figure 16 shows two different perspectives of
775 hPa vertical motion (o) during 1700–1800 UTC 29
November 1991. The panels show the southward advance-
ment of 775 hPa lifting that is just upstream from the ageos-
trophy and high RoL regime shown in Figures 14 and 15, i.e.,
primarily in the region surrounding the stations BIH-FAT-
NLC-BFL-EDW-NID. Notable features in the vertical
motion, shown in Figure 16, are the following: (i) lifting that
occurs behind the synoptic-scale low-pressure center in
extreme southeastern California—in opposition to the antic-
ipated descent from Q-G theory—and (ii) the presence of an
extremely small scale ascent-descent-ascent structure at
1800 UTC 29 November 1991 southeast of the accident site

between BIH, FAT, NLC, BFL, EDW, and NID. The dis-
tance between the ascent centers is the order of 30–60 km.
[33] Both NARR and WRF generate ascent south of TVL

at 1500 UTC, and this feature tracks southward into the area
bounded by the stations PRB-FAT-BFL by 1800 UTC. The
bifurcation noted in (ii) adds detail to the general area of
700 hPa ascent seen in the NARR vertical motion fields in
between PRB-FAT-BFL (Figure 7). These small-scale fea-
tures are consistent with observed mesoscale PMSL fall zones
seen in NARR and the surface observations described earlier
in section 2. They also closely align with the location of
maximum cross-stream ageostrophy and the intensifying
RoL distribution shown in Figures 14 and 15 (especially near
NLC). It should be mentioned that there is no lifting at the
upper tropospheric levels between 1700 and 1800 UTC 29
November 1991 (not shown).
[34] The vertical motion, isentropes, and horizontal winds

along the cross-section A-B (Figure 1) that cuts across the
San Joaquin Valley and borders the accident site at 1700
and 1800 UTC 29 November 1991 are shown in Figures 16c
and 16d. Note that this cross-section A-B is closely aligned
with the inverted trough shown in Figures 9 and 10. At
500 hPa and higher levels, the vertical motion is weakly

Figure 14. The 775 hPa ageostrophic winds (full barb = 5m s�1) from WRF (6 km grid) at (a) 1500 UTC
and (b) 1800 UTC 29 November 1991. � marks the I-5 accident site.

Figure 15. The 775 hPa Lagrangian Rossby Numbers (equation (2)) diagnosed from WRF (2 km grid) at
(a) 1500 UTC and (b) 1800 UTC 29 November 1991. � marks the I-5 accident site.
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downward in Figures 16c and 16d (above the region of
thermally direct ascent below 500 hPa in conjunction with
the inverted trough). That is, there is evidence of a larger-

scale weak indirect circulation—a Q-G circulation about
the jet in support of Danielsen’s paradigm but in the
company of a larger magnitude mesoscale ascent at lower

Figure 16. Plan view of 775 hPa vertical p-velocity (mb s�1) from WRF (2 km grid) valid at (a) 1700
UTC and (b) 1800 UTC 29 November 1991. High-elevated regions (surface pressure< 775 hPa) are
masked in the figure. Also shown in this figure is the cross-section A-B, along which potential temperature
(dashed; contour interval = 2K), vertical p-velocity (arrows; mb s�1), and horizontal winds (isotachs—
solid; contour interval = 5m s�1, and full barb = 5m s�1) are shown at these times (c and d).

Figure 17. The 800 hPa air temperature (contour interval = 1�C; positive—solid contours; negative—
dashed) from WRF (6 km grid) at (a) 1800 UTC 29 November 1991 and (b) 0000 UTC 30 November
1991. The accident site is marked by �.
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levels. The upper level descent above 600 hPa over coastal
California is skewed well to the west of the ascent below
600 hPa over the Central Valley.
[35] The region of strongest lifting over the west and east

slope of the Sierra is not the result of orographic lift—the
flow at mountaintop levels and lower is parallel to the crest.
Rather, this mesoscale lifting is associated with the high RoL

regime and its accompanying divergence that builds in
time from SAC to NID. Cross-section A-B extends through
this region of ascent located just north of BIH. Notice
that the vertical motion over the accident site (the closest
location to the accident site is NLC which is approximately
located at 150 km along A-B) is about �40 mb s�1. During
the 1600–1800 UTC period, the ascent plume above the
west slopes of the Sierra Nevada north of BIH builds
downward and southwestward toward the region just
south of the accident location as a sloping feature. This
reflects the mass removal from the column associated with
the accelerating mesoscale jetlet west of the Sierra Nevada
described earlier.

4.4. Cold Air Advance

[36] Figure 17 shows the evolution of 800 hPa air temper-
ature during 1800 UTC 29 November 1991–0000 UTC 30
November 1991 period. Note that the advance of cold air
in the lower troposphere is associated with the mesoscale
ascent described in the previous subsection. Figure 17
clearly shows 800 hPa cooling that propagates southward
and westward in the high RoL regime. The cooling is a
response to the unbalanced ascent in Figure 16 and the
subsequent west-southwesterly advection of this newly gener-
ated mesoscale tongue of cold air. Also notable is the region of
ageostrophic/isallobaric winds that converges on the accident
site between 1700 UTC and 2200 UTC (Figure 18). This
convergence into the simulated PMSL fall zone is consistent

with the observed inverted trough and accelerating northwest-
erly flow shown along A-B in Figures 9 and 10.
[37] Figures 19a and 19c show the simulated sounding at

the accident site valid at 1500 UTC and at 2100 UTC 29
November 1991 as well as comparisons with observed
surface winds at NLC. During the early part of this
period, the simulated soundings show dramatic cooling below

Figure 18. The 5 h PMSL tendency (contour interval = 1
hPa) and isallobaric winds (see equation (1)) diagnosed
from WRF (6 km grid) valid for the period 1700–2200
UTC 29 November 1991. The accident site is marked by
�. Maximum vector = 25m s�1.

Figure 19. WRF (2 km grid) simulated (a) temperature (�C)
and horizontal winds (full barb = 5m s�1) at the accident loca-
tion (Figure 1) at 1500 UTC and 2100 UTC 29 November
1991, (b) observed and simulated sounding at VBG at 0000
UTC 30 November 1991, and (c) observed and simulated time
series of surface wind speed (solid line; m s�1) at Lemoore
(NLC). Also shown is the model simulated wind speeds
(dashed) at the I-5 accident site.
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600 hPa at the accident location—7�C cooling at 800 hPa over
the 6 h period (Figure 19a). The cooling only occurs in the low
troposphere—600 hPa and lower—and is closely aligned in
time with inverted trough formation between 1700 and 2200
UTC and accelerating surface wind flow which is also evident
at NLC in both WRF and the observations during the 1800–
2100 UTC period (Figure 19c).
[38] The observed cooling rates in the lower troposphere at

VBG (Figure 19b) and EDW are consistent with the simulated
cooling rates (about 1�Ch�1). Additionally, upper air observa-
tions from aircraft that flew over SAC during 1300–1900 UTC
29 November 1991 support this cooling as well (cf. Figure 13
of Pauley et al. [1996]).

4.5. Turbulence Kinetic Energy (TKE)

[39] Figure 20 shows the development of TKE in the
planetary boundary layer along the cross-section C-D
(see Figure 1 for the location) in the San Joaquin Valley
of California at 1800 UTC and at 2100 UTC 29 Novem-
ber 1991, respectively. A well-mixed layer is evident
from the near constancy of the potential temperature
(285K) between the surface and 900 hPa. The largest
magnitude values of TKE (>3 J kg�1) occur at the acci-
dent site and 100 km to the northwest of the site. This
dry adiabatic layer is consistent with that observed at
SAC at 1900 UTC (cf. Figure 13 of Pauley et al.
[1996]; the left end of the cross-section C-D is located at
SAC—see Figure 1) and propagates toward the accident
location and NLC by 2100 UTC 29 November 1991
(Figure 19c). The cold pool at 800 hPa which supports
the development of the well-mixed layer moves southwest-
wards in concert with the accelerating north-northwesterly
ageostrophic/isallobaric flow as can be seen in Figure 17.
The TKE develops near the surface within the adiabatic
layer coinciding with the observed and simulated strongest
surface winds in the vicinity of the I-5 accident site
(Figures 19a, 19c, and 20).

4.6. Lagrangian Back Trajectories

[40] Figure 21 shows the Lagrangian back trajectories initi-
ated from locations near the accident site (36.5�N, 120.5�W,
FAT, and NLC) and time (2200 UTC 29 November 1991).
Trajectory 1 is initiated at and moves backwards in time from
the 900 hPa level above the accident site—near the top or
within the mixed layer. Similarly, trajectories 2 and 3 are
initiated at NLC and FAT, respectively. All trajectories extend
backward in time to 0600 UTC 29 November 1991 (a track of
16 h duration). Although the initiation points of trajectories 1,
2, and 3 lie within a circle of radius of about 50 km, significant
variance in the pathways backwards in space and time is
evident from Figure 21. Figure 22 shows the Lagrangian
parcel diagnostics for the trajectory 1 (not shown for
trajectories 1 and 2) and indicates that extreme variance in
the accelerations and warming/cooling along the pathway
was evident.
[41] Trajectory 1 exhibited a short period of extreme

ascent 3 h prior to its arrival over the accident site, whereas
the other two trajectories exhibited short-lived weak ascent
and short-lived strong descent, respectively, prior to arriving
at their respective locations. At the time of trajectory termi-
nation and shortly before, i.e., at and shortly after 0600
UTC, trajectory 1 shows little forward motion because it
resides under the high-pressure region in between the two
Q-G jet streaks described in section 2. At 0600 UTC, the
parcels for trajectories 2 and 3 reside in the 700–800 hPa
layer and are approximately 1000 km from their initiation
points. That is, the pressure differential between beginning
and ending points on these trajectories is about 200 hPa.
The parcel associated with trajectory 1 slowly descended
from 850 hPa prior to its abrupt ascent and cooling during
the last several hours.
[42] Parcel accelerations of 15–20m s�1 (Figure 22)

occurred over the last several hours for trajectory 1 and nearly
as much for trajectory 2 in the presence of slight deceleration
and 3 h descent/warming during this period for trajectory 3

Figure 20. Potential temperature (dashed; contour interval = 2K), horizontal winds (full barb = 5m s�1),
and turbulence kinetic energy (TKE; shaded; J kg�1) along the cross-section C-D from WRF (6 km grid)
valid at (a) 1800 UTC and at (b) 2100 UTC 29 November 1991. Also marked is the closest location to the
accident site along the cross section at 240 km.

KAPLAN ET AL.: DUST STORM

639



(not shown). This 3 h terminal cooling above the accident site
in association with heating at the surface leads to deepening
and further destabilization of the near-surface layer. The cool-
ing and accelerations reflect the isallobaric/ageostrophic flow
just upstream from the accident location and NLC. Blowing
dust occurs, i.e., at initiation points of trajectories 1 and 2.
Blowing dust is not present at FAT where stabilization is
occurring.
[43] Consistent with destabilization accompanying parcel

ascent for trajectories 1 (Figure 22) and 2, there is a dramatic
increase in parcel accelerations, TKE, PMSL change, and
PBL depth between 1900 and 1600 UTC 29 November
1991. These changes were important to the creation of the

well-mixed PBL inferred from Figure 20. The acceleration,
ascent, and cooling of the air at the accident site accompa-
nying trajectory 1 are certainly in opposition to the view of
trajectory characteristics in Danielsen’s paradigm—namely,
elongated Q-G trajectories that descend from the lower
stratosphere to the earth’s surface while exhibiting decelera-
tion and warming. A cursory analysis of ozone data from the
Total Ozone Mapping Spectrometer (TOMS) instrument
gave no evidence of infusion of stratospheric air into the
troposphere over California. Only a modest increase in
ozone was found in southern Nevada and points eastward
over the 24 h period preceding the dust storm.

5. Discussion and Conclusions

[44] Pauley et al. [1996] originally investigated the Inter-
state 5 (I-5) dust storm with the aid of a rather coarse by
today’s standards (60 km grid resolution) U. S. Navy opera-
tional data assimilation scheme (optimal analysis) and an
equally coarse background forecast. It was the subjective sur-
face pressure analysis and thermodynamic profiles from an
instrumented aircraft that delivered some hint of the operative
smaller-scale processes germane to storm generation. Through
use of the recently available NARR reanalysis dataset and very
high resolution numerical simulations from the state-of-the art
Weather Research and Forecasting (WRF) model, we have
now been able to couple mesoscale processes that offer a
coherent view of dust storm generation—an alternate and in
some sense a complementary view of storm generation
compared to Danielsen’s [1974] classic view. Whereas the
processes identified by Danielsen are associated with the
dynamics of Q-G theory, and in particular with the mechanics
of larger-scale and slower cyclogenetic systems, the processes
identified in this study are more representative of the smaller or
intermediate scales of motion—still baroclinic but secondary
to the larger-scale cyclogenetic processes and certainly not in
thermal wind balance.
[45] As opposed to the importance of long descending/

decelerating flows along isentropic trajectories associated with
tropopause folds, i.e., the central features of the Danielsen
paradigm, this study places emphasis on mesoscale adjust-
ments linked to larger-scale imbalance. These adjustments
lead to destabilization of the boundary layer, production of
ageostrophic/isallobaric winds and associated turbulence
kinetic energy that is necessary to ablate the dust. Further, this
study links geostrophic imbalance to a sequence of larger-
scale disturbances—a setup day where a mass/temperature
field and associated extreme geostrophic wind lays in wait
for the intrusion of momentum from an upstream jet streak.
The imbalance between the intruding momentum and the
extreme geostrophic wind requires fast adjustment on the
order of 6–12 h, a fraction of the pendulum day time scale
for Q-G dynamics.
[46] In summary, the key elements of the mesoscale

adjustment are direct transverse circulation about the jet
(lifting on the warm-air side of the jet), cooling due to the
ascent and subsequent cold air advection, and the associated
re-adjustment of the mass field that leads to low-level
ageostrophic/isallobaric wind. Back trajectories from loca-
tions near the accident site give evidence of mesoscale
variance in pathways and hydro-thermodynamic characteris-
tics of parcels where the ascent/cooling and destabilization

Figure 21. WRF (18 km grid) diagnosed Lagrangian back
trajectories ending at (a–c) 950 hPa and (d–f) at 900 hPa
above (1) the accident location (Figures 21a and 21d), (2)
Lemoore (Figures 21b and 21e), and (3) Fresno (Figures 21c
and 21f). Back trajectories are traced back from 2200 UTC
to 0600 UTC 29 November 1991. Arrows are shown at
every 10min interval. Wider (narrower) arrows indicate
regions of parcel ascent (descent). The accident site is
marked by �.
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of the boundary layer are critical for pinpointing the likely
location and timing of dust ablation.
[47] In the absence of soil structure and soil moisture

considerations, which are beyond the scope of this manu-
script, the dynamical control on event initiation is strongly
coupled to surface accelerations and planetary boundary
layer (PBL) destabilization due to ascent and cold air
advection. This is most likely to occur where there is a rap-
idly developing surface pressure gradient force in proximity
to strong cold air advection within the PBL. This region is
the most favored for a TKE “front” to develop within. This
would be downstream from a thermally direct ageostrophic
circulation in the lower middle troposphere. The most
important mechanism responsible would be the thermally
direct ageostrophic circulation well below 500 hPa within a
region of background substantial lower tropospheric kinetic
energy such as a strong low-level jet.
[48] When the study of the I-5 dust storm by Pauley et al.

[1996] is meshed with this later study, it becomes clear that
the limitations of the numerical models of earlier years are
likely to miss important smaller-scale processes, or more
importantly, they are likely to miss the crucial-scale interac-
tion processes that abound in our complex atmospheric
system. That is not to say that the larger-scale aspects of dust
storm generation as pioneered by Danielsen [1968, 1974]
and others are less important than the unresolved scales in
the earlier analyses and models, rather that the smaller-scale
processes can now be explored with the benefit of datasets
such as NARR and numerical models such as WRF.

[49] The existence of the mass and momentum adjustments
which are diagnosed in the manuscript is relatively ubiquitous
whenever very strong and spatially expansive large-scale jets
interact with complex terrain features. The mechanism is
strongly coupled to the scale and orientation of the terrain
and the jet streak. In the present study, strong cross-mountain
flow with the precursor day’s jet streak established a meso-
scale orographic front/baroclinic zone on the western side of
the Sierra Nevada that was subsequently perturbed by the
second day’s jet streak’s exit region which leads to strong
velocity divergence tendencies.
[50] We have examined other case studies such as the one

described in the present study that occur regularly on the lee
(eastern) side of the Rocky Mountains in New Mexico and
Colorado, the Sierra Madre Mountains in northern Mexico,
and the Snake River/Bitterroot Mountains in southern
Idaho/Montana. In these case studies, the downstream part
of the jet’s exit region established a baroclinic zone due to
cross-mountain flow only to be perturbed in a likely manner
to the I-5 dust storm event of the present study by the
upstream part of the jet’s exit region. In these other case
studies, the jet and mountain orientations were different,
but the physical processes were rather similar, only more
closely aligned in space and time.
[51] We are intuitively confident that these adjustments,

while not exclusively limited to mountains, are frequently
occurring near mountains whenever strong jets pass over
mountains. Furthermore, we see no reason why they may
not be occurring away from mountains as well, as when a

Figure 22. Lagrangian parcel diagnostics for trajectory 1 (parcel terminates at 950 hPa above the
accident site at 2200 UTC 29 November 1991—Figure 21a). Time series of parcel’s height (agl; km),
pressure (hPa), horizontal wind speed (m s�1), parcel acceleration (�103m s�2), components of ageos-
trophic wind (m s�1), vertical velocity (cm s�1), air temperature (�C), mean sea level pressure (hPa), sen-
sible heat flux (Wm�2), turbulence kinetic energy (J kg�1), and mixed layer depth (km). X axis
represents the time (0 = 0600 UTC 29 November 1991).
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residual baroclinic zone accompanying a previously gener-
ated front or a mesoscale convective system is intercepted
by another upstream jet streak.

[52] Acknowledgments. The authors thank Robert Rabin of NOAA/
NSSL for providing the satellite imagery that aided in the analysis of the
dust storm.
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