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Abstract

A synoptic meteorological analysis has been coraglé&ir one primary and four secondary
periods suspected of having significant duraticstesdy wind events in the years 2000-2002 for
central and western North Dakota. The analyséigaiRUC and NARR archived weather data
for reconstruction of the synoptic meteorologicelds to identify periods of prolonged easterly
flow and to describe the large-scale forcing respma in the low-level flow regime.

1. Introduction

Five periods during the years 2000-2002 were ifledtby the North Dakota Department of
Health that were suspected of containing considemration easterly wind episodes that could
transport effluents westward from central North Btak The primary evaluation period spanned
the dates of 22 August 2002 — 12 September 20@8,secondary analysis periods identified in
February of 2000 and 2001, December of 2000, andviaf 2002. The meteorological
approach involved reconstructing the synoptic sibmain each of these evaluation periods using
data archived from the analysis fields of the NaidCenter for Environmental Prediction’s
(NCEP) Rapid Update Cycle (RUC) model and fromNI@EP North American Regional
Reanalysis (NARR) archive. The data were visudliméWWindLogics Environmental
Workbench™ (EWB) software to assess the large-snateorological influences on the
regional flow regime of central and western Nortkbta.

2. Data Source Characteristics

The primary data source for these synoptic caskiaans is the WindLogics RUC analysis
archive. The RUC model (Benjamin et al. 2004)ngue among the NCEP models in that
analyses are produced every hour, versus evehosivs for the other models used for longer
term forecasting. The RUC uses a process knowpragaous assimilation, in which short, one
hour forecast segments are interspersed with aiglics of the data assimilation process. This
means that each hour, the one-hour forecast fegklsorrected, based on the real-time data
collected by the numerous observational platfororgrolled by National Oceanic and
Atmospheric Administration. The model is nevepa#d to stray too far from the actual state of
the atmosphere, within limits determined by obseéowal sampling frequency, density, and
accuracy. Frontal positions, for instance, candasenably well adjusted for in the assimilation
process. The horizontal grid resolution of thehared RUC analysis data is 40 km for the years
2000 — 2002; however, for February 2001, 80 kmlmiem RUC analysis data was used to fill a
gap in the standard 40 km RUC archive. For mosti@&econd half of August of 2002, where a
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gap exists in the RUC archives, the NARR datasetblean utilized. This reanalysis dataset has
32 km horizontal grid resolution and is based enNICEP ETA model. Advanced data
assimilation techniques have been utilized in tAd&kR project. Details on the NARR dataset
may be found in Mesinger et al. (2003) and at t&&EN NARR website
http://wwwt.emc.ncep.noaa.gov/mmb/rreanl.

3. Synoptic Animations

Three animations have been created to supporiytigosc analysis for the primary evaluation
period. The first animation provides informatiamthe surface pressure distribution and 10 m
vector winds. The second and third animations igethe geopotential height distribution and
vector winds at the 900 mb and 250 mb pressurdsleviéhe selection of these three levels
allows for the identification and analysis of sytiopegimes favoring episodes of low-level
easterly flow over central and western North Dakatale also addressing the jet stream
configuration and substructure (jet streaks) thatdynamically related to the low-level pressure
system configuration. The animations are compo$éames with a 3 hour time increment up
to 30 August 2002 and a 1 hour time increment dfege The difference in the hours between
frames exists because the animations are compdsethoNARR and RUC data. NARR data is
available every 3 hours while RUC data is availavery hour. The frame rate of all animations
is 1 frame per second.

4. Synoptic Analysis
Primary Evaluation Period: 22 August — 12 Septen#®?2

The examination of the primary evaluation period tevealed 1 extended span with either
easterly low-level winds or winds with a signifi¢aasterly component. Four other episodes
with easterly flow (or flow having a significantstarly component) capable of boundary layer
effluent transfer of at least about 150 km were aentified. Given that the emphasis of this
investigation is for synoptic evaluation of eastevind events, a trajectory model was not run on
the boundary layer flow and this estimate of eastest parcel movement was quite
approximate.

Event 1

Although the beginning of the specified evaluaf@miod was 22 August, an examination of the
low-level flow regime indicated that the longestation easterly flow regime actually started at
about 18 UTC (Coordinated Universal Time, 12 CSTR0O August. This extended period with
a marked easterly wind component lasted until apprately 15 UTC on 22 August. The
surface pressure and wind (10 m) analysis shoviaigare 1 displays the conditions early in this
episode. Also shown in Figure 1 is the 900 mb ffeaMd that provides insight into the low-level
flow approximately 200 — 600 m above the surfaceentral and western North Dakota (height
range is due largely to the elevation gradiemds indicated in the figure, the low-level flow in
the western half of North Dakota is dominated hbytkeasterly and easterly flow around a
modest low pressure system (“cyclone” will alsaused synonymously with low pressure
system) centered near the Black Hills region oftB&akota. This slow moving cyclone
weakened as it moved east into eastern South Dakmtsever, a broad region of low pressure
remained across South Dakota and Nebraska thrqumiamately 00 UTC on 22 August. This
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persistent low pressure in conjunction with the@asing influence of a southwest-northeast axis
of high pressure (evident from north central Nd#kota into southern Manitoba) served to
provide a sufficient south-north pressure gradsmoss North Dakota to maintain low-level

flow with a significant easterly component. As Wwbbe expected, the 900 mb flow in Figure 1
shows increased wind speeds (~5-8Mrslative to the 10 m level and a slightly veered
directional profile consistent with Ekman turnimgthe boundary layer and with regions of warm
air advection east and northeast of low-presswsteB)s.

As shown in Figure 2, the latter part of this edgt&ind episode is most influenced by the
anticyclonic wind regime of the aforementioned hpghssure region (anticyclone) to the north.
Since the time of the Figure 2 analysis is 09 UTE CST) on 22 August, nocturnal boundary
layer influences have diminished near-surface wipeked. However, at 900 mb, the anticyclonic
flow field is quite evident and the east-southedstls exceed 10 ni'sover much of central and
western North Dakota. This extended event evelgtaabsides as the predominant wind
direction turns more southerly and the synopticguee gradient over the region relaxes.

To understand the driving mechanisms for the dhgtion and intensity of low-level pressure
systems, several levels of the mid-upper tropospivere examined. The surface cyclone
represents a pressure minimum within a much lasegion of reduced surface pressure
corresponding to a lee-side trough initially rurqnfrom southeast Montana to northeast
Colorado. This lee-side trough (i.e., downslopgae east of the Rockies) has formed in
response to the advection of a strong lower-tropesp thermal ridge ahead of a large amplitude
upper-level trough over the western United Stakbs.large amplitude trough was evident in the
upper-level analysis from 700 mb to near the treppse (see the 250 mb analysis in Figure 3).
Additionally, the lee-side trough is supported loyvtislope warming in the lee of the Front
Range of the Rockies that is associated with tlsetoof southwesterly upper-level flow (~700
mb level). The slow eastward propagation of thgdamplitude trough maintained a broad
region of low pressure over the central High Plaind Great Plains downstream of the upper-
level trough axis throughout this episode. Théama high pressure system that exerts a
dominating influence over the low-level wind figfter about 12 UTC on 21 August is the result
of surface anticyclogenesis resulting from a cogegat confluence region in the jet stream
pattern over southeastern Saskatchewan and soltagritoba shown in Figure 3.
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Figure 1. Surface pressure (mb) and vector windst®0 UTC on 21 August 2002 (top panel) and 900 mbinds (bottom
panel). Color bar shows vector wind magnitude in ns™.
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Figure 2. As in Figure 1 except at 09 UTC on 22 Ayust 2002.
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Figure 3. Geopotential height (m) and vector windat 250 mb at 00 UTC on 21 August 2002 top paneSame fields for
500 mb at 15 UTC on 21 August with additional surfae pressure analysis (mb, colored lines) bottom pah Color bar
shows wind magnitude in m &.
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Event 2

The second significant bout of easterly winds oclibetween 18 UTC (12 CST) on 5
September and 10 UTC on 6 September. This evioivied a minor 6 hour episode of weak
easterly flow that ended at 00 UTC on Septembeabwas associated with a fast moving and
weak low pressure system passing along the Norkotaa South Dakota border. In a manner
very similar to the first episode of easterly windsurface low forms as a pressure minimum
within a much broader area of reduced pressuresed with a lee-side trough extending from
southeast Montana to western Nebraska as showiguneF4. This slow-moving low moves
from its genesis region in southeastern Montana Bigmnarck and into eastern North Dakota
before dissipating. On this trajectory, areas gland north of the low’s associated warm front
(established near the North Dakota/South Dakotddydor much of this event — see Figure 4)
were largely in easterly flow. The 900 mb winddishown in Figure 4 depicts the higher wind
speeds expected at this level. In the heart efdpisode, 900 mb winds were commonly in the
10-12 m & range over a large portion of central and wesiarih Dakota. These 900 mb
winds showed modest veering with height relativehesurface winds as would be expected in a
warm air advection layer east of the surface lositpmn and with Ekman turning in the
boundary layer. This event quickly ended withlthe passing east of the region of interest and
winds turning to a northerly direction.

If just the 900 mb flow is considered, this evemisvapproximately 8 hours longer, starting at
about 14 UTC on 5 September and ending at 14 UTE ®aptember. In the period between 14
UTC and 18 UTC on 5 September, surface winds widnerenortherly or nearly calm over much
of central and western North Dakota; however, dutins same period the 900 mb flow showed
a significant easterly component. In the first fesurs of this 4 hour period, the surface to 900
mb wind profile indicated marked veering with heiglfter the surface flow became nearly
calm, the 900 mb flow weakened but remained ir2the- 5 m & range over much of central
and western North Dakota. At the end of this evienthe period from 10 UTC to 14 UTC on 6
September, surface winds turned northerly, whilecoorently, the 900 mb flow in the northern
half of western and central North Dakota maintaiagdarked easterly component. This latter 4
hour period demonstrated the marked directionatiwgimear that can exist at low-levels in some
instances (in this case, almost 90 degrees ofngbrtween the surface and 900 mb over large
portions of western and central North Dakota).

As in Event 1, the advection of a lower troposph#rermal ridge and downslope warming are
responsible for the broad region of lower presseen in Figure 4. The downslope warming is
due to the southwesterly flow regime at upper-levieat is associated with the a very slow
moving large amplitude trough over the western éthbtates (Figure 5) with the trough axis
still off the West Coast at 02 UTC on 6 Septembasw pressure development is focused in this
case by a minor jet streak passing through Wyordurgng the period as is indicated in the
modest wind speed increase through central andreadtyoming in Figure 5. Weakening of
this minor jet streak resulted in the gradual denoisthe surface cyclone at about 00 UTC on 7
September.
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Figure 4. As in Figure 1 except at 02 UTC on 6 Stegmber 2002.
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Event 3

The third easterly wind event within the primanakation period was of modest duration (7
hours) but had the capability of transporting effitiin the boundary layer approximately 150
km. This event spanned the period between 06 WDCGCST) and 13 UTC on 7 September and
was associated with a low pressure system thatela®d to the same long wave trough
discussed in Event 2 (Fig 5). As may be seengnréi 6, a weak cyclone was located in
northwest South Dakota with an attendant warm fadighed along the North Dakota - South
Dakota border. A secondary circulation center tm@geen in southeast Montana that had the
effect of broadening the west-east extent of tiegcessure region. Areas north of the warm
front and low pressure region experienced eashkanhievel winds until the warm front or
cyclone passed over and to the north. The sulfae@assed just northwest of Bismarck as it
moved in a northeastward direction along a lowepdspheric baroclinic zone that was oriented
parallel to the upper-level flow. As shown in Fig, the 900 mb easterly flow was between
approximately 7-10 msover a large portion of the western 40 percemMarth Dakota through
the middle of this event. The divergent rightrante region of a mid-level jet streak appears to
be dynamically responsible for this cyclone.

Considering just the 900 mb flow, this event wasuld hour longer (ending at approximately
14 UTC on 7 September) with 900 mb east-southesmitheast winds in the 5-10 M ange
over much of central and western North Dakotataha when the surface winds had become
very weak. In general, the last several hoursisfeévent displayed modest directional shear
(veering) and marked speed shear between the suafet900 mb over central and western
North Dakota.

Event 4

The fourth and last significant episode of eastsrtiver central and western North Dakota in the
primary analysis period occurred between 16 UTCEST) on 12 September and 04 UTC on 13
September. The easterly winds in this event wangely the result of the flow around the
southern periphery of a surface anticyclone cedtersoutheastern Saskatchewan and
southwestern Manitoba, and flow around a very waakace trough oriented in a west-east
direction along the North Dakota - South Dakotadeoi(Figure 7). A stationary front is also
located along the North Dakota/South Dakota bowdtr the near surface flow showing a
significant easterly component north of this fraithough relatively weak (3 — 5 rit)s The

winds at the 900 mb level over a larger portiothef western half of North Dakota were largely
easterly with speeds in the 4 - 7 thrange (Figure 7).

Similar to Event 3, when considering just the 90®ftaw, this event was about 1 hour longer
(ending at about 05 UTC on 13 September), withi®80southeast winds in the 6-12 thrange
over much of central and western North Dakotataha when the surface winds had become
very week. In general, the latter half of this mveisplayed modest directional shear (veering)
and strong speed shear between the surface anat®00er central and western North Dakota.

The most compelling dynamical explanation for theaksurface trough involves lowering of

the surface pressure due to divergence aloft. Upper-level divergence is associated with the
right entrance region of a modest jet streak (sofithe main axis of the polar jet stream) that
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Figure 5. Geopotential height (m) and vector windat 250 mb at 02 UTC on 6 September 2002.

can be seen along an axis from southeastern N@itbtB to northeast lllinois in Figure 8. The
surface anticyclone formed beneath the right egtan of a strong jet streak embedded within a
northwest-southeast oriented portion of the paasiream as seen in Figure 8 (see leading
portion of the jet streak over Saskatchewan, Maaitend far western Ontario). Mass
convergence in this quadrant of the jet streakdeadhigh pressure development (weak in this
case) at low levels and subsiding flow throughuésical column.

Secondary Evaluation Periods

A less intensive investigation of the synoptic dtinds associated with four evaluation periods
in the years 2000, 2001 and 2002 was completedwassfound for the primary evaluation
period, some of these intervals were comprisedufipte easterly wind episodes. In contrast,
the December 2000 evaluation period only featureth®jinal southeast wind episodes. The
same evaluation criteria were used to identifyexfstvind events as was utilized for the
primary evaluation period.
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Figure 6. As in Figure 1 except at 09 UTC on 7 Sepnber 2002.
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Figure 7. As in Figure 1 except at 22 UTC on 12 Sember 2002.
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Figure 8. Geopotential height (m) and vector windat 250 mb at 12 UTC on 12 September 2002.

Evaluation Period S1: 10 February — 18 Februaf020

Three easterly wind events were identified wittis tevaluation period. Although the specified
period of interest started on 10 February, an dgstéend episode was already underway on 9
February. In fact, the longest duration and mostworthy of these three events occurred
between 08 UTC on 9 February and 05 UTC on 10 FeruAs shown in Figure 9, this easterly
wind event is typified by strong southwest-northesasface pressure gradient created by a
marked high pressure system (1026 mb) to the rasthe southern Manitoba and a northwest-
southeast oriented trough of low pressure to thihseest of the central and western North
Dakota region. This orientation of the pressuagnt along with the frictionally induced
cross-isobaric and isallobaric flow results ingn#icant easterly wind episode. The slow
propagation of the relevant systems coupled wighntlarked surface pressure gradient made this
event one of the more noteworthy events.

The surface pressure system distribution can biiegal by the upper-level dynamics
associated with a major jet streak aligned aloegd.thited States — Canadian border running
from North Dakota through the Great Lakes as caseles at the 250 mb level in Figure 9.
Upper-level convergence in the left entrance regiathis jet streak over southern Saskatchewan
and Manitoba is responsible, along with winter seasdiative cold air mass formation, for the
strong high pressure system seen in Figure 9.IdWMa@ressure trough is aligned with the right
entrance region of this jet streak which is asgediavith divergence aloft and a reduction in
surface pressure. Lee-side troughing from westkny in the lower mid-troposphere
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Figure 9. Surface pressure (mb) and vector windst21 UTC on 9 February 2000 top panel and geopotdat height (m)
and vector winds at 250 mb bottom panel. Color bashows wind magnitude in m's.
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(~700 mb) may also be responsible, in part, fottthegh of low pressure. A similar surface and
upper-level atmospheric scenario was associatddtindt second easterly wind episode within
the evaluation period S1 between 03 UTC and 17 0 @3 February. Aside from the
displacement of the surface trough farther to thersvest, the orientation of the surface
pressure gradient and the location and dynamiealor@ng for the high pressure system are the
same. Lee side trough production results fromeiasing westerly flow over the central Front
Range of the Rocky Mountains. The third episod&iwiS1 was a more minor event occurring
between 01 UTC and 10 UTC on 15 February. Ingbéenario, an initial low pressure system
developing in southeast Montana was supplanteegional influence by a more intense low
pressure system from cyclogenesis in southern Soaltota. This evolution of surface pressure
systems rapidly backed the winds to a more nosttdéréction.

Evaluation Period S2: 11 December — 24 Decemb@® 20

No significant easterly wind events were foundtfos period. There were two minor
southeasterly wind episodes during the time betvi®@edTC and 18 UTC on 12 December and
between 11 UTC and 22 UTC on 15 December. Howelrerassumed trajectory of parcels,
especially when considering the veered nearly sairtds at 900 mb did not appear conducive
for significant westerly transport. In both of sieecases, the trajectory of the cyclone responsible
for the wind episodes passed too far north fomoakiexposure to the easterly wind region of the
system.

Evaluation Period S3: 7 February — 19 February200

One significant easterly wind event was preseninduhe period that occurred between 10 UTC
on February 10 and 01 UTC on 12 February. Moreifipally, this event featured winds
predominantly from the east-southeast. The lacgéedorcing for this wind regime was very
similar to event S1, with strong high pressure @GLO®) to the northeast in southern Manitoba
and a trough of low pressure situated downstreatineihee of the Rockies from southeast
Montana to western Nebraska as shown in FigureSifiilar to event S1, a southwest-northeast
pressure gradient was established (not quite asalbt configured as S1), that induced marked
east-southeasterly winds across central and welNtath Dakota. The 10 m winds were
typically in the 6-8 m$ range in the heart of this event over much ofretaind western North
Dakota. As in several of the events describedipusly, this lee-side trough was associated
with southwest flow in the lower mid-troposphere @7mb) passing over the central Rockies.
The high pressure region appears to be associatie@ \wonvergent confluence region in the
upper troposphere in the region over and near soutianitoba. Additionally, anticyclogenesis
is also likely due to winter season radiative aldmass formation.

Evaluation Period S4: 14 March — 24 March 2002

Four episodes of significant easterly winds ocalidering this evaluation period. The most
impressive of these, and one of the most notabéapfof the events analyzed for this study,
occurred between 08 UTC on 24 March and 09 UTC%oNI@rch. The large-scale forcing for
this event is dominated by a very large and int€bh®88 mb) high pressure system located in
southern Manitoba as seen in Figure 11. This yrltoe has established a marked southwest-
northeast pressure gradient over North Dakotalthstset up the low-level forcing that supports
the 5-7 m ¢ easterly winds common over much of North Dakdéare striking still, the 900

mb vector winds shown in Figure 11 reveal strorsjeéies in the 10-13 m'sange over much
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of the western half of North Dakota. Unlike mariylee events analyzed, lee-side troughing has
less to do with this easterly wind episode thanlabkation, orientation and slow movement of
the dominant high pressure system. The high presyistem may be dynamically explained by
noting the locational association between thedeftance region of a bifurcated jet streak over
southeast Manitoba and the location of the surdatieyclone as seen in Figure 12. The upper-
level convergence in this jet stream quadrant mjugtction with late winter season radiative

cold air mass formation are key factors in the fation of this high pressure system.

H

Figure 10. Surface pressure (mb) and vector windst 18 UTC on 10 February 2001. Color bar shows wihmagnitude in
-1
ms™.

Other east wind episodes within the S4 period ohelihe weak east wind event occurring
between 12 UTC on 14 March and 03 UTC on 15 Matahthis case, a nearly stationary high
pressure system (1022 mb) centered over southenitdBda in conjunction with generally lower
pressure to the south from a large cyclone movorgheast out of eastern Colorado created a
modest southwest-northeast pressure gradientuppbgted weak easterly low-level winds.
This event terminated when surface pressures na=etloe Plains states south of North Dakota
(eliminating the pressure gradient) in the wakéhefcyclone moving into the upper Midwest.
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Figure 11. Asin Figure 1 except at 15 UTC on 24 atch 2002.
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Figure 12. Geopotential height (m) and vector winslat 250 mb at 15 UTC on 24 March 2002.

The next easterly wind event occurred between 1€ did 20 UTC on 16 March. In this
episode, easterly flow developed in the favorabésgure gradient north of a warm front
associated with a low moving into North Dakota frbtantana. Given the non-optimal west to
east path of the cyclone through northern Northddakthis event was of short duration. As the
warm front moved northward through western andreéitorth Dakota, the east winds rapidly
turned southerly at locations south of the warmitfreerminating the episode of easterly low-
level flow.

The final noteworthy easterly wind episode withih&curred between 12 UTC on 19 March

and 04 UTC on 20 March. In this case, an easfleny regime is present north of a warm front
associated with cyclogenesis in southeast Montadanartheast Wyoming. The position of the
surface warm front lying just north of the NorthKoga — South Dakota border was ideal for an
extended period of easterlies over central andesmedorth Dakota. At 900 mb in the heart of
this event, easterly flow in the 5-8 m gnge was common over much of western and central

North Dakota. This event terminated as the cyclooged eastward through central South
Dakota.

5. Summary

To produce a low-level easterly wind episode ofsiderable duration over central and western
North Dakota, a south-north or southwest-northeashted pressure gradient must be
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established. In the numerous cases examined héreie synoptic scenarios were observed to
establish the requisite low-level pressure gradi@ifite most common scenario involved a low
pressure trough and/or cyclone development indbef the central Rocky Mountains of
Colorado and Wyoming to the southwest of North Dakdn conjunction with this low pressure
region to the southwest, a marked high pressutersyt® the northeast was present to establish
the required low-level pressure gradient acrossrakeand western North Dakota for easterly
low-level winds. The second most common synoménario involved cyclogenesis southwest
or west of North Dakota with the cyclone ultimatplssing just south of central and western
North Dakota (optimally near the border with SoDitkota). This cyclone trajectory was ideal
for maximizing the easterly wind duration for reggonorth of the warm front (i.e. the area of
interest for this study). The final synoptic scemdor extend easterlies involved the presence of
a slow moving large and intense high pressure sy&ieghe northeast, usually centered in or
near southern Manitoba. Although in the minoritghe easterly wind scenarios identified, one
of the most impressive easterly wind events andlyitee first event in evaluation period S1)
involved this slow-moving intense anticyclone saema

In general, the broad synoptic pressure systemgumations noted in these specific events
should not be considered unusual, especially imihéer and transition seasons. The incidence
of lee-side troughing east of the central RockieSalorado and Wyoming occurs frequently in
conjunction with a marked westerly or southwestedynponent to the upper-level flow that
accompanies the positioning of the jet stream thsrregion. Additionally, cyclogenesis is
favored within this region of lee-troughing in assion with jet streaks moving along the axis
of the jet stream. Further, anticyclones develgpgind moving southeastward across the
southern Canadian provinces of Saskatchewan anddbaroccur regularly in these winter and
transition seasons.
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