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Abstract

Winter weather has substantial impacts on human activityt ilsuthallenging to predict
more than 710 daysn advance. Subseasofielseasonal (S2S) prediction is a rapidly
developing field of meteorology that could be used to improve winter weather prediction at
longer time scales. The Madd@ulian Oscillation (MJO) is a major driver gibbal S2S
variability. This study seeks to examine how the MJO affiaet$requency oWinter weather
over the contiguous United Stated)ich will helpfurther improwe winter weather prediction in
the future.This is done by comparing the frequency of winteather reportand snow
accumulation data at surface meteorological statioagyiven phase of the MJOits
climatology.We find that the MJO has significant impacts on increasing the frequency of
extreme winter weather in tidortheasivhen MJOconveetion is in the western Indian Ocean
(phase }, the Southern Great PlaiméienMJO convection is in the central Indian Ocean (phase
2), and the Northern Great Plamwsien MJO convection is over the Maritime Contingafitase
4). These results are primarillyiven by the forcing of the MJO on the jet stream and its
subsequent impacts geopotential height, as well ssmperature and wind in the lower
atmosphereMJO impacts on the frequency of extreme winter weather can be seen up to 15 days

in advance, suggesting utility in S2S forecasting.



1. Introduction and Background

Winter weather has significant impacts on human activity. For exampl®, dacese loss
of life and property damage, and it can disrupt dailydifer months beyond the occurrence of
the initial storm(NCEI 2021a, Grundstein 2008 Therefore, it is important to be able to predict
it more accurately, so people can make adequate preparations more effectively. Currently,
synoptiecscale weather events like winter storms can only be predicted aliOudays in
advance (Zhang et al. 29), while the longefrange prediction of winter storms eabseasonal
to-seasonal (S23)mescales remains challengirtdpwever, recent studies have revealed that the
MaddenJulian Oscillation (MJO) is one of the important drivers of global S2S vana(eld.,

Jiang et al. 2020Tseng et al. 201 Green and Furtado 2019he MJO is known to impact
extreme precipitation and temperature over the United Stdtaseda and Takaya 2Q1&hou

et al. 2012), which would likely have an impact on the frequeheyinter storms as well.
Therefore, to understand the potential use of the MJO as a source of S2S prediction for winter
weather, this thesis will examine what impacts the MJO has on winter weather events over the
United States.

The MJO is a climate mode associated with areas of enhanced and suppressed convection
in the tropics, with each phase corresponding to the location of the region of enhanced
convection (see Figure 1.1) (Jiang et al. 2020, Gottschalk ZDid)MJO was origally
discovered as an oscillation of zonal wind in the Tropics (Madden and Julian 1971). This
oscillation is further manifested by changes in patterns of convection and precipitation in
equatorial regions of the gloljéiang et al. 2020)The MJO propagas eastward at an average
speed of 5 ng? (Jiang et al. 2020), arititakes 3660 days for the main area of enhanced

convection to propagate across the Eastern Hemisphere (Madden and Julian 1971). The MJO is



typically divided into 8 phases depending dmere the convective activity is locatég.,

Wheeler and Hendon 2004, Kiladis et al. 2014)e areas of convection that each phase
corresponds to are shown in Figurgé. Phase 1 of the MJO is associated with increased
precipitation over the Indian Oaealhe region of increased precipitation associated with the
MJO moves east to the Maritime Continent in phasésa@ross the western Pacific in phases 5

6, and itdissipaesas it moves to the central Pacific during phas8sThe Maritime Continent

can affect the propagation of the MJO including stopping it (Jiang et al. 2020). Thus, while the
MJO has substantial S2S impacts, there are also complexities that must be taken into account

when it comes to forecasting the phenomenon.
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Figure 1.1: MJ(precipitation by month in the Tropics. (Gottschalk 2014)



The phase of the MJO is associated with changes in wintedimaerature over much of
the United States (Zhou et al. 2012). Phases 3 throofthé@ MJOtend to be associated with
warmer temperates across most of the country, while phases 8, 1, and 2 tend to be associated
with cooler temperaturg§igure 1.2)XZhou et al. 2012). Geopotential height anomalies up to 60
meters in magnitude can also be seen, with greater positive anomalies gentoaliyed with
warmer temperatures, and vice versa (Zhou et al. 2012). These temperature anomalies can
propagate in an arc from Japan, over Alaska, and into the eastern United States (Zhou et al.

2011). These correlations also apply to extreme tempergMatsueda and Takaya 2015).
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Figure 1.2: Temperature anomalies (°C) associated with the MJO during the months of DJF

(Zhou et al. 2012)



These geopotential height and temperature anomalies associated with the MJO may help
form the synoptic conditions that can lead to extreme winter weather, which can differ based on
the region of the country where the event ocdimsrelations have beendod between the MJO
phase and snowfall over southeastern New England (Klotzbach et al. 2016). The authors found
decreased snowfall in phase$ 4and increased snowfall in phase 7 (Klotzbach et al. 2016).

They attributed the increased snowfall in phase @ytlonic wave breaking in the region
(Klotzbach et al. 2016 However, the impact of the MJO on winteeatherover other regions is

not well understoodn the Southern Great Plains, winter storms often have a shortwave trough
to the west and a jet saleto the east, with snow occurring more frequently towards the
northwest and ice occurring along a line extending from the southwest to the northeast (Mullens
et al. 2016). Low pressure systems causing heavy snow and blizzards over the Northern Plains
often originate in Colorado or Alberta, and track eastward (Black 1971). Winters with higher
snow water equivalent in the Northern Plains tended to have more troughing over the United
States, while winters with lower snow water equivalent tended to havegi@f@rundstein
2003).These studies show that the location of synopticpo@ssure centers influences where
winter weather eventare likely to occur. Therefore, the MJO will likely impact the frequency of
winter weather eventsver different regions throughout its lifecycle as it modulates the preferred
location of anomalously low geopotential height and surface pressure over the United States.

Different dynamical and physical processes are believed to cause the MJO to have
extratropical impacts. Sardeshmukh and Hoskins (1988) found that the advection of vorticity by
irrotational flow was one way in which the tropics could influence the extratropics. While a
Rossby wave source is important, that source is actually locatechaearitropical jet and not

the equator (Sardeshmukh and Hoskins 1988). Green and Furtado (2019) also found that the



MJO, in combination with the strength of the stratospheric polar vortex, could be used to predict
temperature over the United Statégheraweak stratospheric polar vortexthe MJO in
phases 7 and 8 tend to lead to increased blocking and decreased geopotential height over the
eastern United Stat¢&reen and Furtado 2019). Howewie combination of the two leads to
moderate to slightlyncreased geopotential height over the southeastern United States (Green
and Furtado 2019). The thermal impacts of the MJO can be felt as far north as the Arctic, and
could be caused by temperature or moisture advection (Vecchi and Bond 2004). Warmer
tempeatures over the Arctic, as measured by 500 hPa geopotential height, are correlated with
increased winter storm severity over the United States (Cohen et al. 2018). Given the MJO
impacts on temperatures over the United States can happen due to a Rosstogiwav
propagating across Alaska (Zhou et al. 2011), it seems reasonable to consider the polar regions
when making an account of possible impacts of the MJO on théatitithes.

The MJOmay also impact winter weather over the United States indiregtly
influendng the North Atlantic Oscillation (NAD The NAO is an oscillation afealevel
pressure between Iceland and the Azores (Greatbatch, 206l can influence temperature
and winter weather over the United States (Greatbatch 2fley andKeables 1998 A
positive phase has a stronger Icelandic low and a stronger Azores high, while a negative phase
has a weaker pressure differential (Greatbatch 2000). A negative NAO tends to lead to more
blocking over eastern North America and western Eejroghile a positive NAO has the
opposite effect (Greatbatch 2000). This means a negative NAO can lead to colder temperatures
and more winter weather events over the aforementioned regions (Greatbatch 2000). Some
studieshave already found a correlationween each pairing of the MJO, the NAO, and

temperatures over the United States (¢ig.et al. 2009, Cassou 2008). They have analyzed



these relationships both instantaneously and with a lag between the two phenomena. Lin et al.
(2009) noted that phaseo8the MJO tended to result in a positive phase of the NAO about five
days later, whereas phase 7 usually resulted in a nedi®@ephase. Cassou (2008) found that
the phase of the MJO had an influence on the phase of the NAO over the course of about 12
daysThey attributed the MJO6s influence on the
breaking (Cassou 2008)hey found a foupart cycle of pressure variation in the North Atlantic
and Northern Europ&assou (2008) found that the MJO drives a positi®Nand then the
rest of the NAO cycle proceeds from thekéter the MJO driveshe positive phase of the NAO
the 500 hPa height pattern progresses $wandinavian blocking pattern. Then tiyele
proceeds to theegative phase of the NA®he last parof the cycle is the Atlantic ridge
pattern.The connections between the MJO and the NAO were shown to affect the patterns of
precipitation and snowfall over the Matlantic of the United States during the 2609 winter
(Moon et al. 2012)Thus,this analysis will look not just at the Tropics and the United States, but
the entire Northern Hemisphere.

The MJO and NAO both influence teleconnections, which are patterns in atmospheric
variables that occur across broad regions. Many such patternbdevéound, particularly over
the Northern Hemisphere (Wallace and Gutzler 1981). Teleconnections are often believed to be
useful for predicting longer range environmental patterns. For example, the MJO can increase
predictability at periods of about two three weeks (Tseng et al. 2017). This predictability in the
European Centre for MediuRange Weather ForecasBEQMWF) modelis stronger when the
MJO is in phases 1, 2, 5, and 6 (Tseng et al. 2017). The MJO even has a statistically significant
correlation with 500 hPa geopotential height after a lag of one month from the MJO being in

phase 3 (Tseng et al. 2017). This is due to the MJO influencing the Pacific North America



Pattern (PNA), which then influences global patterrsa{g et al. 2017). Thus, thdJO plays
an important role when it comes to S2S forecasting. Some authors have also looked at
teleconnectiopatterns over longer time scalesg., Riddle et al. 2012nd how these patterns
can influence winter weather over the United States (e.geZgeet al. 1998)

The goal of this thesis is to determine the atmospheric patterns that are favorable for
winter weather at long range, with the hope that this will improve predictability of extreme
winter weather. This will be done by determining theaetp of the MJO on the frequency of
extreme winteweatherover the contiguous United Statée ways the MJO impacts the
frequency of extreme winter weather will be determineddayiparing thenfluence of theMJO
on patterns of atmospheric variablestsas temperature, wind, and moisture to those patterns
during days where extreme winter weather occurs. These patterns will also be campzeed
NAO andPNA. Based on this information, we hypothesize that the frequency of extreme winter
weather is inflenced by the phase of the MJO in that it is affected by Rossby wave propagation
out of the tropics, with troughingnd resultant cooler temperatures and increased maoistere
parts ofthe United States in certain phases. This hypothesis will be tested in the upcoming

sections.



2. Impacts of the MJO onthe Frequencyof Winter Weather Events
This sectionwill first determinef and whereghe MJO influenceshe frequency olvinter
weather events over the contiguous United Statesn it will determine if these influences are
found with a lag of several days after a given MJO ph#ss.is the first time a study has
examined the impacts of the MJO on winter weather over the @@NUS.The potential
influence of the MJO on winter weather will be examined by analyzing how the frequency of

winter weather eventglative to climatologyhangsin each phase of the MJO.

2.1. Data and Method
2.1.1. NCEI Storm Events Database

The freqiency ofwinter weather evenis estimated usindie National Centesfor
Environmental Information (NCEI) Storm Events Datab@em Databae (NCEI 2021),
which contains reports of impactful weather events across the country grouped into different
categoriesThis database has winter weather reports gioorg 1996 to the present. However,
2018 was choseas the final year of the analysis for this project. That is be¢hasata can be
modified up to 18 months after a given evemdthe projecstarted in 2020So, 2018 was the
latest finalized year of data when the project staffbdee categories ogportswere analyzed:
ice storms, winter storms, and heavy sndw.ice stornreportis made when a weather event
meets théNational Weather Service (NWS) warning criteria for ice accumulagiaimter storm
reportis made when an evemteets warning criteria for ice, sleet, and/or snow accumulation,
andheavy snows repored when an evemheets warning criteria for snow aceulation (Table
2.1). Only the months of December through Maach analyzed in this studsfter a preliminary

climatological analysis showed that those months had approxind&@lf all stormreports



10

Thisis also done to limit the influence of theasenal variability of the MJQNang and Xie

1997, Wheeler and Hendon 20@4) the results.

Table2.1: NWS criteria for given storm types.

Ice Storm Heavy Snow Winter Storm

Ice accretion exceeding Snowaccumulation Winter weather event with
locally defined warning exceeding locally defined multiple significant hazards
criteria warning criteria

Usually at least 0.28 . 5 0 Usually atleast4 0 0 -2% 1 Atleast0.250 . 5 0-12(56 .

(6.3-12.5 mm) of ice cm) of snow mm) of freezing rain, 40 0
(10-25 cm) of snow, and/or-1
20 Hem) éf sleet

No sleet or snow No freezing rain or sleet Some combination of snow,
sleet, freezing rairgnd

blowing snow

Storm report data are also cataloged by zone, where a zone is a geographitedirezea
by the NWS that is used to issue watches and warnings. A given zone is typically a county or
part of a county, and has an average area of 1874Huguley 2009). This is much smaller than
the size of a typical winter storm, so any given zonerig uslikely to have multiple winter
storms at the same time. Furthermore, zones usually cover areas with similar climatic conditions.
Thus, a winter storm will typically produce a similar type of weather across the entire zone. If a
zone has a winter stormport, the entire zone likely had winter weather, so the number of zones

with storm reports is a good proxy for the area covered by a given winter storm.
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A DecembeiMarch (DJFM) climatology of winter weather report frequerisycreatedo
determine in which areas of the courdifferent types of winter weathare most frequent. This
would be useful when later analyzing the magnitudes of the impacts and the sample size of the
reailts. It would also be useful in determining which areas to focus on for further analysis. To
calculate the climatologyhé number of days with each type of weatie@ortis examined by
stateand then byNWS weather forecast office (WFO) county warninga(CWA) To examine
the frequency of winter weather reports, a method to normalize the number of winter weather
reports in each WFO or state must be introduced to account for differences in the area. A WFO
with a larger area has a greater number of zohesrefore, a WFO with a higher number of
zones will likely have a larger number of reports from one weather system, as a given system
will likely pass over multiple zones. For that reason, the average annual count of reports in each
state or WFO is norntiaed by the number of zones in the region to give an average annual

frequency of winter weather reports per zone in the region.

WE € CBHAQANR 6 Q

C:

Equation2.1: Definition ofannualclimatological frequencywhere Neportsis the number of
storm reportsn a givenstate oiCWA, Nyearsis the number of years in the dataset, anieNs

the number of zones in tlstate or CWA

2.12. Method of Identifying MJO Impacts
After the climatologyis computedwe examinéhow the frequencyf winter weather
eventschanges witlihe phase of the MJ®rom the NCEI data, the average number dfyda

reports 6 eachgiven storm typen a givenMJO phaseés compared to the climatolazal
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frequency of reportsfdhat storm type, which will be referred to as a frequency (Btoiation

2.2). Thisratio provides the increased or decreased likelihood of extreme winter weather in a
givenMJO phase relative to climatologiven that the definition of winter weather reports is
subjective and depends on each WFO, this normalization eliminates thoatscave

< o2 Q1 0 HHDOG 176D O GBI Q
PEETT T 0o ¢ Wi Mm@ O o

Qi QN o0&

Equation2.2: Definition of frequency ratipwhere the frequency of storms per MJO phase and

climatological frejuency are daily frequencies.

Frequency ratios greater than 1 imply an event occurs more frequently than climatology,
while frequency ratios less than 1 imply an event occurs less frequently than climatology.
A frequency ratio of 2 means an eventurs twice as often as climatology, and a frequency
ratio of 0.6 means an event occurs 60% as often as climatology, for ex&/R@swith no
events in any phase were not considered for analysis.

Frequency ratiovas examinedor each phase of the MJO,tdemined by botlthe
Outgoing Longwave Radiation (OLR) MJO Indg@M1) (Kiladis et al. 2014andReattime
MJO Monitoring Index RMM) (Wheeler and Hendon 2004)hesephases are calculated using
empirical orthogonal function (EOF) analysis with the fivab fprincipal components found. The
values of the principal components are plotted on a phase diagram. The data going into the
EOFs can include OLR and zonal winds at 850 hPa and 200 hPa over the tropics. The areas of
negative OLR are areas of convectibhe RMM includes zonal winds while the OMI does not.
We present the results using A®Il for the majority of this analysi®ut we also discuss the

sensitivity of the results to the choice of indicescBusehe OMIlignoresvariations in wind not
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associted with the MJQit can moreaccurately identify the location and magnitude of the MJO
convective signa|Straub 2013)TheOMI also applie0-96-day bandpaskltering, which
removes the effects #felvin waves sothe OMI picks up a signal more strongly associated with
the MJO(Kiladis et al. 2014)This is especially helpful when diagnosing the causes of the
influence of the MJO on the frequency on winter weather do@aapter 3The OMI was found
to have similar dates with given phases as compartbe RMM. This is in agreement with the
results of Kiladis et al. (20)4We have also examined the frequency of storm reports during
periods ofweak or no MJO, which was determineddryamplitude less than 1 standard
deviation(0.6321in DJFM) for OMI, and an amplitude less than 1 for RMM. This is because it
is plausible the lack of MJO convection could be important for winter storm development.
Theresultsare tested for statisticaignificance using a bootstrapping method with 1000
iterations A random subset of the days of each MJO phaseaasampled with replacement for
each iterationA onetailed 90% significance levés used. This means that a given phase had a
statistically significant frequency ratio if 90% of the resampled sets of days had a frequency ratio
greater than IWe did not test if a frequency ratio is statistically significantly less than one (i.e.,
less fequent than climatology). However, percentile values were recorded to get a sense of the
level of significance of each resulne tailed samplings used because phases with increased
risk of extreme winter weather events would be more societally ingha8t, itis important to
focus on those regions and phasathersampling methods involved twtailed tests or a 95%
significance level, both of which produced similar results. Monte Carlo san{péngampling
over all days as opposed to resamptiags with a given MJO phasalso produced similar

areas of significarfrequency ratios
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Similar to the climatology hiesedataare organizedwith events groupefirst by state and
thenby county warning areas (CWAs) of NWS Weather Forecast Offices (WA sare
chosen for the final analydi®cause the warning thresholds vary by WH#s there is
consistencwithine a ¢ h o f f .iThisadidl ,edu€eWheample sizaomewhabecausehere
are 48 states in the contiguous US, but 118 WHODgever,use of WFO CWAs allowed finer
scalegeographicalariation to be more visible.

If we work under the hypothesis that the MJO influences winter weather over the United
States via the propagati of Rossby waves, ig important to note that vill take several days
for those Rossby waves to propagate from the Tropics to th€éRid8le et al. 2013)So,
frequency ratio was also analyaeth a lag of five, ten, and fifteen daykhese lag times were
chosen because each MJO phase lasts approximately five days (Tseng et al. 2017). The results
show how the MJO coulidfluence winter weathasver time.Data were also analyzeder
selectedegions with regard to phase and lag, to determine if the frequency ratio still varied as

much as 15 days after a given MJO phase.

2.13. GHCN Station Data

While the NCEI Storm Database provides the frequency of different winter weather
events, thosevents are subjectively defined at each WFO. To ensure that our results are robust
to this caveat of the Storm Database,alg® analyzed precipitation and snowfall data from the
Global Historical Climatlogy Network (GHCN)(NCEI 2021b) In this dataset, sleet is counted
as snowGHCN data exist for over 100,000 stations around the viwid various observing
networks, including the Automated Surface Observing System often found at aicpants

stationsanddata from sources such the High Plains Regional Climate Centand Western
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Regional Climate Cent¢NCEI 2021b) These data go back as far as 1833, and include records
of maximum and minimum temperature, precipitation, and snowfall (NCEI 2082)of GHCN

data allowed a longgxeriod of record, as many stations have data going back before the start of
MJO data in 1979. Out of 1218 stations with data, 846 had sufficient precipitation datad,7and
had sufficient snow data. Sufficient precipitation data was defined as at least 88y with
norrmissingprecipitation data, and sufficient snow data was defined as ab@®asbf days with
norrmissingsnow data. These thresholds were somewhat subjectiwe, smight to achieve a
balance between sample size and accurate datax&opke, if the precipitation threshold was
raised to 90%, the number of stations with precipitation féditto around 600. The snow

threshold wagshosen to béower than the precipitation threshold because many stations have
more missing snow datbmpads of the MJO on snowfall were not analyzed tatisns with no

snow accumulations during the entire time peridce data were recorded by total precipitation
or snowfall accumulation, thenpact of the MJO on GHCN precipitation and snowfall was
examined by the ratio afaily average precipitation and snowfall accumulation in a given OMI
phase to their climatological aage values (i.e., accumulation ratigplues greater than 1

indicate accumulation greater than climatology, and values less than 1 indicate accumulation less
than climatologyThe relatively large number of stations compared to WFOs allowed finer
resoluton in the results. And since most snow evehitsng the time periodere recorded,

instead of just the larger onas in NCE] the sample sizef eventswas largerThis resulted in

larger regions of significaraccumulation ratiosSignificance was det@ined with

bootstrapping in the same manner asStioem Database.



16

2.2. Climatology of Winter Precipitation

Climatology of Winter Weather Events
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Figure 2.1: Climatology ofvinter weathereports from 199&€018in averagenumber of reports
per yeamper zone in each WFO county warning diaaa. ice storms, b. winter storms, and c.

heavy snow, all as defined in the NCEI storm event database.
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Heavy snow events tend to be most frequent over the Northeast and Northwest United
States (Figure 2.1a). Senother regions with frequent heavy snow events include the Sierra
Nevada and Appalachian Mountains. These areas tend to have cold temperatures conducive to
precipitation events being all snow, and more precipitation than the Northern Plains region of the
United States (Changnon Z&)0

Winter storms are most frequent in the Northeast U.S. (Figure 2.1b). This region of the
country experiences frequent norobdeasters, whi
low pressure moves to the northeaselidski 2002). The maximum frequency here is around 3
per year. There is a secondary maximum of around 2 winter storms per year over the western
Great Lakes region. This part of the country is also often along the rain/snow line in winter, and
is west of he lake effect snow region downwind of the Great Lakes (Wiley and Mercer 2021).
The highest frequency of winter storms is in the Burlington, Vermont ajest atve 3 reports
per year, while the highest frequency of heavy snow events is over the Gray, Maine area.
However, Gray has a much lower frequency of winter storms, and Burlington has a much lower
frequency of heavy snoveports Given that both areas experience similar weather patterns, this
discrepancy is likely due to how individual offices categorize wiwksather events. As an
example, on 12 January 1996, both WFOs received widespread repofts2oD6-3Q cn of
snow, but it was counted as a winter storm in Burlington and heavy snow in Gray. However, this
work is only comparing differences with regarcato | o c a | of ficebds cli mat ol
between offices should not have a major impact on the results.

Ice storms are most frequent over the central and eastern United(Sigies 2.T). This

region frequently has temperature inversions due to phenomena such as cold air damming or
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precipitation ahead of a warm front (Changnon and Karl 200®).maxima over the centraBJ
and the Appalachians are similar to those found in climatol¢gigs Changnon and Karl 2003).
However, NCEI reports are lower in the Northeast relative to other areas of the country, while
freezing rain is relatively more common there (Changnon and Karl ZD@3)is likely because

the Northeast is more prone taskhduration freezing rain events, that often result in lesser
accumulations than in the centrab(McCray et al. 2019)Themaximum frequency of ice

storrrs in the NCEI database only around 0.45 reports per year over central lowa. This is
because mangvents colloquially referred to as ice storms also feature significant amounts of

sleet and snow, which means the storms would instead be classified as winter storms in NCEI.
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GHCN datasetNote that snowfall is measuredtotal accumulatiomnd not liquid equivalent,

so snowfall values may be greater than precipitation values.
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The GHCN snow accumulation climatoloffyigure 2.2ahas similar maxima as the
NCEI heavy snow report climatologgoth climatologies feature maxima in the interior
Northeast, Great Lakes, and Mountain West regidosvever, he precipitation climatology
looks quite differenfFigure 2.2b) There is a maximum of over 10 mm/day al®img coast of
Washington, and a secondary maximum of around 6 mm/day over the interior South. There is
also a slight precipitation maximum along the east cdast.North Central U.S. has high snow
values and low precipitation values. This is because eatgeratures lead to precipitation being

mostly snow, and can cause higher snow to liquid ratios.
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2.3. MJO Impacts on Winter Weather Frequency

Frequency Ratio of Heavy Snow Reports
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Figure 23: Frequency ratio of heavy snowfadiportsover the United States 6yMI phase. The
X marks statistical significander values greater thanat the 90% confidence level. Gray areas
had no heavy snow events in the WFO during the study period. Values greater than 2 are also

plotted in red.

As can be seen iAgure 2.3, there are significant variations in heavy snow frequency by
OMI phase. In phase 1, the area of highest frequency is located in the Nortitbasiany areas
receiving heavy snow twice as frequently as the climatological avdragse 1 alsproduced
the greatest number of statistically significant regions. In phase 2, the areas of greatest frequency
ratio shift to the Southern Plains. In phase 3 the highest frequency ratios shift toward the West

Coast. Phase 4 has high frequency ratios in the centtal@stern United States, while it shifts
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to the Pacific Northwest in phase 5. Phase 6 has the highest values in the far Northern Plains,
while in phase 7 it is in the Deep South. Phase 8 does not have any regions of significantly
higher than normal frequen of heavy snow events. Phase8 Bave generally lower frequency
ratios across the countiyhile significancevasnot plotted for low frequency ratios, many
bootstrapped frequency ratio values were below the mean over 95% of th€herefore some
of thesebelow-normal frequency ratios are quite anomalddgst regions only have a high
frequency ratio in one or two phases.

The patterns are approximately cyclic, with areas of high frequency ratios often having
lower frequency ratios four phases latéowever, this patterdoes not apply to atkgions for
example northern New England has high frequency ratios in phases 3 and 7. A lot of the
irregularities in this variation are likely due to noiset there are clear conglomerations in areas
of higher or lower frequency ratio, like the area of over 1.5 frequeximsrn phase 4 that
stretches from Wisconsin to western Kansas, and continuous values greater than 1 as far west as
the Sierra Nevada&ll but two of the CWAs in that region have frequency ratios less than 1 in
phase 8Florida and southwest Louisianaldiot record any heavy snow events during the time
period. Yet in spite of lower sample sizes in the South, the Jackson, Mississippi WFO featured a

significant frequency ratio of double the climatology in phase 7.
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Frequency Ratio of Winter Storm Reports
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Figure 24: Same as Fig. 2.3 except showthe frequency ratio of winter storm reports.

The frequency ratios for winter storrfiagure 24) are similar to those for heavy snow
events. The greatest frequency ratios start in the Northeast in phase 1, shift west by phase 3, peak
in the Great Plais by phase 4, and are generally lower in phases 5 through 8. However, phase 8
has somewhat higher frequency ratios for winter storms as compared to heavy snow events.
Additionally, the areawhere the MJO hassgnificart impactin the Great Plains during phase
4 are much larger for winter storms compared to heavy snowfalls. Phases 2 and 3 also have a
greater frequency of winter stomeportsin the Northeast as compared to heavy snow, while the

opposite was true for phase 1.
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Frequency Ratio of Ice Storm Reports
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Figure 25: Same as Fig. 2.3 except showing the frequency ratio of ice storm reports.

For ice storms, the areas of signifitdJO impactwere much smaller, due to the
smaller frequency of ice storm events nationwigigure 25). The data appear noisier the
same reason. This is particularly true over the western United States, where many CWAs did not
report a single ice storm during the time period. HowaherMJO has significant impacts on
the frequency of ice storms over some regiéits examplephase 2 has an area of high
frequency ratios in the Central Plains, similar to winter storms and heavy snow. Phase 8 also has
areas of significant high frequency ratios around Texas/Louisiana and in the Northeast. One
thing to note with all of thesesuts is that there are areas of significéarge frequency ratios
even for times of weak or no MJO. This suggests that even a lack of MJO could provide some

information to forecasters about the likelihood of severe winter weather.
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When comparing frequency ratios using state boundaries versus CWA boundaries (
shown), the results tended to be similar, both in terms of frequency ratio and areas of
significance. This was the case for each phase and storrtnttpghown) This suggests that the
broader patterns of MJO influence on wintgzatherfrequency are not very setige to thetype
of regionused to groupeports be it state or CWA boundarieBhe maps with CWA boundaries
do tend to be a bit noisier due to the smaller sample size, but also group regions with the same
criteria for severe winter weather. Thttsose egions arensensitive to the definitions of how

each WFO classifiesevere winter weather.
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2.3.1 Comparison between OMI and RMM

Frequency Ratio of Winter Storm Reports
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Figure 26: Frequency ratio for winter storm reports using RMM.

When comparingrequency ratios for winter storm reports basedRMM (Figure 26)
and OMI(Figure 24) there are some broad areas of similarity witiall regional sensitivities to
the choice of MJO indexror phase 4 of the MJO with winter storms, both the RMM and OMI
composites showigh frequency ratios in the Great Plains and Mountain West, with the
frequency ratios based @Ml generally having larger values in the southern tier of the country.
Thefrequency ratios based @Ml werealso higher in the Northeast. The areas of significan
frequency ratiosvere similar for both methods, with both having significantly greater than 1
frequency ratios in the Plainlsiring phase 4hase 1 also showed a significant increase in

frequency ratio for wintertearms in the Northeasitsing both OMI and RMMHowever, phase 3



27

had more winter storms in the Mountain West when RMM was &&&ke 7 had more areas of
significant winter storm frequency ratio in RMM as compared to O¥i& RMM also showed
more winter stoms when there were periods of weak or no MJO. Overall, there were broad
similarities between the results when RMM or OMI were ubed example, phase 4 of both
indices had large frequency ratios of winter weather in the Northern Hrdiase 1 tended to
have large frequency ratios in the Northe8stce RMM can be used operationally, forecasters

may take interest in the fact trainilar results appear with that index as well as with OMI.

24. Lagged Frequency Ratio byOMI Phase
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Figure 27: The WFOs considered to be in the Northern Great P{eady Southern Great Plains

(blue), and Northeast (greefgr the purposes of this analysis.
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The Great Plainand Northeastegions were selected to provide a mordapth analysis
on how the MJO modulates the frequency of winter weather repbese regions were selected
because they all feature moderate to high frequency of winter weather @rguats 2.1) Each
of the® regions have appreciable variation in winter weather event frequency. For example, in
the Northern Plaing)MI phase 4 haa frequency ratio around 1.6 for winter storms, with many
CWAs having double thaverage frequency of repar8hase 2 in the Sowin Plains and phase
1 in the Northeast have similar frequency ratidge Northern Great Plains colored red in
Figure 27, and is approximately covered by the states of Nebraska, South Dakota, and North
Dakota. This region has generally been consideréd a part of the Northern Plains as defined
in previous work(e.g, Black 1971). It tends to feature moderately high frequencies of heavy
snowfall and winter storm events, while it is just northwest of the region of most frequent ice
storms.The Southe Great Plains is colored in blue, and is approximately covered by the states
of Kansas and Oklahoma, along with the Texas Panhdhtlkes less frequent winter weather
and heavy snow events, but more frequent ice storms when compareditottieen Plains
(Figure 2.1) This region was discussed by Mullens et al. (2016), when they analyzed the
synoptic conditions that led to the formation of winter weather over the Southern Great Plains.
Throughout the remainder of this thesis, the termshdontPlains and Southern Plains will be
used interchangeably with Northern Great Plains and Southern Great Plains, resp&tigvely.
Northeast is colored green and is covered by New England, New York, and the northernmost
parts of Pennsylvania and New d8rsThe Northeast experiences frequent heavy snowfall

(Figure 2.1a)and some research has already been conducted on the effects of the MJO on
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snowfall in eastern New England (Klotzbach et al. 2016), which covers approximately the

eastern third of the regim shaded in Figure 2.6.
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2.4.2. Frequency Ratio by Region with Lag

a. Frequency Ratio of Snow Storms by Phase and Lag
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Figure 28: Lagged frequency ratio favinter weather reports the Northern Plains. Phase 9 is

for days withweakornoMIXX6s mar k statistical significanc:e
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The lagged frequency ratio for the Northern Plains shows the change in frequency ratio of
heavy snow events at different lag tinfEgyure 28). Lag in ths case is defined as the number of
days after a given MJO phase occurs. Given that each MJO phase lasts approximately five days
(Tseng et al. 2017jhe frequency ratio for a phase with-d&y lag should roughly correspond
with a nelag frequency ratio fothe following phase. The stairstep pattern visiblEigure 2.8a
indicates that that is the case, 8wse results indicate that some prediction skills of severe
winter weather can be gained using the state of the. AdOexample, the frequency ratib15
days aftelOMI phase 1 is about@..This implies that 15 days afteMl| phase 1, there isGD%
increased likelihood of a heavy snowfall in the Northern Plains. This is actually a stronger
relationship than during phase 4 of the MJO, where the frequency ratio is only around 1.4. The
stairstep pattern is, however, imperfect, as the frequencyatatid days afte©DMI phase 2 is
less than 1. Still, it can be seen ttia frequency ratio with a given lag in a given phase is often
similar to that of the previous phase with 5 days more ofTlag plots over regions also smooth
out some of the nois€or example, phase 6 has high frequency ratios over North Dakota, but
low frequency ratios over South Dakota and NebréBlgure 2.2) This evens out to near
normal frequency ratios overa8g, this technique works well for detecting broad trends as
oppased to more localized ones.

The lagged frequency ratio for winter storms in the Northern Plains shows less
pronounced variation; however, the stairstep pattern is still vigtiderre 2.8b)For example,
even though the largest frequency ratios were anbyind 1.7that result is significant 15 days
after phase IThat matches up well with the value of around 1.5 during phdsealdo occurs

with lower frequency ratigsas there is a frequency ratio of approximately 0.9 in phase 7, and 0.8
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15 days after phase Brequency ratios less than 1 are also found 5 days after phase 6 and 10
days after phase 5.

For ice storms, there is not the same stairstep patténerasis for heavy snowstorms or
for winter stormgFigure2.8c) This is likely due to the small sample size of ice storms in that
region. Thus, predictability of ice storms based on MJO phase may be less than that of winter
storms or heavy snow eventde only signiicant results occur in days after weak or no MiO

all lag times which suggests the MJO may inhibit ice storm development on the Northern Plains.
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In the Southern Great Plai(isigure 2.9) the same stairstep pattern is visible, especially
for winter stormsThe phases with increased or decreased frequency of winter weather are
similar to those of the Northern Great PlaManter storms are roughly twice as common as
climatolagy in phase 4 of the OMI, but continue to be about 1.6 times as common as climatology
15 days after phase ®@ith that result being statistically significaifigure 2.9b)A similar
pattern is seen with almost no winter storms in phase 6, and also almost no winterl&atays
after phase 3. This again suggests one can predict periods of more or less risk for severe winter

weather based on the phase of the MJO.
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Figure 210: Same as Fig. 2.8, but fire Northeast.
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For winter weather in the NorthedBigure 2.10)the trends were less pronounced. Phase
1 tended to have higher frequency ratiosheavysnow and winter stormet all lag times, while
phases 4 tended to have lower frequency ratibgyure 2.10ab). In addition, thérequency
ratios tended to be closer to 1 forg@llases and lags as compared to the Great Plains. This is the
case even though both areas had WFOs with significantly greater than 1 frequency ratios. This
suggests the Northeast might have more smaller scale variations that interfere with broader
trends.On the other end, ice storms had more pronounced large frequency ratios than winter
storms or heavy snow events, with significant frequency ratios at double the mean afiestays
phase FFigure 2.10c)Previous authors (e,gcassou 2008, Riddle et al. 2013) have found
elevated probabilities 6NAO about 1015 days after MJO phase 7, which tends to be
associated with increased frequency of winter weather in the Northeast. However, here the
frequency ratios are only slightly greater than 1 and not significant. Thisstaglge MJO/NAO
teleconnections may have limited impacts on the frequency of winter weather over the Northeast
at least in relation to either of them being compared separately

All three regions were notable in having high frequency ratios in pha3ead.lower
frequency ratios in phasestb However, phase 4 was high on the Great Plains and low in the

Northeast.
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2.5. MJO Impacts on Precipitation and Snowfall UsingStation Data

Ratio of Snow Reports

a. Phase 1 2 b. Phase 2 5 c. Phase 3 5
3 kj 1.8 s 1.8
SO 16 ol 1.6
14 1.4
8 40'N 12 5 40N 12 4
£ 1 g’ 11 g
- 0.8 0.8
30'N 06 30°N 06
q\ ‘1\ 04 <3 0.4
248w 115°'w 100°w 85°'W 70°W 24w 115'w 100°'W 85°'W 70°W 0 2w 115°w 100w 85°'W 70°W 0
d. Phase 4 e. Phase 5 5 f. Phase 6 g
5 § 1.8 § 1.8
50'N 50'N o 50'N e
14 114
8 40'N 40°N 12 5 40N 12 o
2 15 15
©
- 0.8 0.8
30'N 30°N 06 30'N 06
0.4 0.4
0.2 0.2
24w 115w 100w 85W 70°W 0 248w 115w 100w 85w 70°W 0 248w 115w 100w 85W 70'W 0
g. Phase 7 5 h. Phase 8 " i. Weak/no MJO 2
. ¢ 1.8 i 9 g 18 il 9 Y 1.8
1.6 1.6 4N /—2,:; 1.6
1.4 1.4 1.4
g40'N :'2 o 40N 1‘2 o 40N 1-2 °
ﬁ 0.8 & 0.8 & 0.8 <
30°N 0.6 30°N 0.6 30°N SR 0.6
;,\ 0.4 2 0.4 ] 0.4
\ 0.2 \ 0.2 \, 0.2
2q§$ 5 y ﬂf\\“\' 5 0 2q°“° . S o P\ 0 zq"“., - N "
W 115'W 100W 85 W 70 W 30°'W 115'W 100°'W 85 W 70'W 30'W 115°W 100'W 85 W 70 W
Longitude Longitude Longitude

Figure 211: Ratio of observed snowfall to actual snowfall®Wl phaseFilled circles represent

statistical significance.
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Figure 2.2: Ratio of observed precipitation to actual precipitatiorodyl phase.

The ratios of observed snowfall to mean snowfalOdl phasebased orfGHCN station

data reportgFigure 2.11showsimilar patterns to MJO impacts on NCE#avy snoweports

(Section 2.2.2)For exampleOMI phase 4 has high frequency ratios of heavy snow reports in
the Central and Northern Plains in the NCEI dataset and high accumulation ratios in the GHCN
dataset. Phase 1 has high frequency ratios in the Northeast in the NCEI dataset and high

accumulation réos in the GHCN dataset. Most of the country has low frequency ratios and
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accumulation ratios for snowfall in phases 5 and@iese resultsuggest that snowfall data by
MJO phase is rather consistent betwiEntwo datasetéreas of significahratioswere often
larger for snow accumulations than for snow reports. For example, phasehadrlyeas of
significanty above normal frequency ratior a few CWAs when looking at heavy snow reports,
buta larger portion of the northern half of the countrg begnificantly increased snow
accumulatior(Figure 2.11b)Phase 3 similarly had large areas of signifi¢eequency ratiog
both the Northeast and Northwest United States.

In many areas of the country (e.g., the Great Plains and Midwest during phase 4
precipitation(Figure 2.18) and snowfal(Figure 2.11d)atios of 1.2 to 1.3 were significaint
the GHCN dataet.However, heavy snoWequency ratios were often closer ttmzhe NCEI
dataset(Figure 2.3d)If heavysnowfrequencyratio magnitudes in the NCEI dataset are much
larger tharsnow accumulation ratios the GHCN dataset, that suggestewfall in that phase is
dominated by more frequent major eveist example, if the NCEI dataset has double the
number of storms withta | east 46 (10 c¢cm) of snow, for a
accumulation in a given phase was only 20% greater than nah@al;oportional snow
accumulation from smaller events will be fewiéthe reverse is true, that suggests snovisall
dominated by minor eventBrecipitation and snowfallbmbe analyzed together to determine
how much of the anomalies in snow accumulation ratios were caused by changes in
precipitation.There are certain phases and regions, such as phase djidtAdantic and
Mountain West, and phase 4 in the Great Plains, where there is both above normal snowfall and
precipitation according to GHCN data. So increased precipitation can be associated with

increased snow accumulations.
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Precipitation couldlso be compared to winter storm and ice storm frequency ratios to
see if precipitation accumulation had an impact on those valbesis useful becauseHCN
dataare not available for freezing raor sleetaccumulationThe central U.S. experiences
increasedrecipitation(Figure 2.18, e) and increased frequency winter stormsin OMI phass
4 and5 (Figure 2.4, e). Phase 3 in the western U.S. features a similar paftbreisuggests that
the impact of the MJO on precipitation can leathtweased frequency of storrogntaining
some amount of sleet or freezing rdmcontrast, no significant increase in precipitation appears
over the Northeast during phase8 tvhen snowfall and winter storm reports are enhanced. This
suggests that, ovélne Northeast during phases3 lif a precipitating storm formed over the
region, its precipitation would preferentially occur in the form of ice and snow, rather than rain,
while the overall frequency of storm formation would not change. The reasaiffdognces in
how the MJO influences regional winter weather will be further investigated in the next chapter.
Given that freezing rain is not recorded separately from precipitatiempréecipitation
accumulation ratiosan be compared thetemperatur@anomaiesshown in the next chaptey
determine if the precipitation was more likely to be freezing. GHCN data were frorr20209
as compared to storm data from 1248 8. The fact that the GHCN snow maps were similar to
the storm report maps in spitétbe differing time periods suggests that the results are robust

when compared to changes in the period of record as well.
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3. Physical Mechanisms Behind MJQmpacts on Winter Weather
The objective of this section is éxamine whichatmosphericonditions are associated
with the MJOand actas apotential mechanism for the MJOitdluence winter weather over the
United StatesThus it will discuss not only how the MJO influenceraseasonatmospheric
conditions but alsavhat synoptic conditions are associated with t@iarence ofvinter

weather evenisind how they relate.

3.1. Dataand Methods

Atmospheric conditions associated with the MJO and winter weather evenmts
analyzed using da&t 6-hourly interval§rom the ECMWF Reanalysis VERAS) in the months
DJFMfrom 19962018. ERAS was chosen due to its reliability and accufideysbach 2020)
ERAS was established as a replacement for EfRérim, and it features a &mn grid resolution,
137 vertical levels to 1 Pa, 4ar data assimilation, anadvanced ocean, soil, and climate
modeling(Hersbach 2020)

Many atmospheric variables are used in synegatade weather forecasting pioedictthe

development of a cyclone resulting in winter weatfi@e goal of this chapter is thus to

determine if a given phase of the MJO causes changes in those variables that would be associated

with storms producing severe winter weatl8yme of theseariables include temperature,

wind, geopotential height, argpecific humidity, which are analyzed hei#/e hypothesize that

the midlatitude Rossby wave train that is initiated by the MJO develops an anomalous trough

over different regions of the CONUB¥®he trough can then generate anomalously cold and moist

regions supporting the development of severe winter weather.
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To test this hypothesisydace temperature composites and anomalies were also analyzed
to best determine the likely precipitation type and likelihood of snow accumul&tidiace
temperatures must lbelow freezing for freezing rain to occur, and snow is more likely and
accumulates faster when surface temperatures are below fréeeaingerature was analyzed at
850 hPa as well, whidls compared with the surface temperature to detect inverdiins.
speed and directioare important for determininggions of anomalous cyclonic or anticyclonic
circulation.Wind at 850 hPa could be compared to temperature at that level to find areas of
temperature advectioMVarm advection is often associated with rising motion in cyclonic storm
systemsGeopotential height at 500 hPaanother variable that was analyziéds used to detect
areas of ridging and troughinGeopotential height was analyzed with windret 2560hPa level
This provides a sense of wind at the tropopause near where jet streaksfbainows how jet
dynamics can relate to areas of ridging andghing in the lower atmosphef@pecific humidity
at 700 hPavasanalyzedalong with winds at that levéb identify the regions odnomalous
moisture was and how it was advect@domalous moisture can lead to the development of
clouds and precipitatiorsurface pressure was analyzed to determine the location of surface
lows.

To analyze these variableasomposites were made of the average values of the variables
by OMI phaseTo create composites of atmospheric variables, the values on each dpyen a
phase were summed and then divided by the number of days in that phase. Then a climatology
was constructed by finding the mean values from the years2@B%for each day from
December 1 to March 31 regardless of OMI phase. Once the compositéisnatol@gies were
created, anomalies were calculated by subtracting the composite values from the climatology.

These variables were looked atvo different geographical ranges: one covering the United
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States and surrounding areas from 130°W to 60°W28AN to 55°N, and one covering the parts
of the Northern Hemisphere froh85°E to 0°. Tk Northern Hemisphemegion includes the

area from the equatorial tropics where the MJO origindtegh America, and also thorth
Atlantic, where Atlantic blockingakes place.

Additionally, composites were made of ghieeviously mentioned variables fdays that a
winter weather evendccurred in thé&torm EventDatabasdreferred to astorm day$. This was
done to compare the atmospheric conditions when winter storms occurred to thosensoimdi
a given phase of the OMI. If there was overlap between the two results, that would suggest that
the conditions in a given phase of tAMI are supportive of winter weather occurreriee
amount of overlap was computed usingpatialcorrelation between the twammpositesA
positivecorrelationclose to onevould suggest that the patterns when a given storm type
occurred weraimilar to those in a given phase of the MBFOr storm day composites, winter
weather events were only chosen if they occurred within one of eight county warning areas
(CWAS) located on either the Northern or Southern Great Riaittee NortheastFigure2.7).
These regions were selected to coincide with tfrase Section 2.4nd also determine regional
differences in how the MJO impacts winter weather

Significance testwerealsoconductedor all of the variables except windhis is
because wind was typically analyzed in a manner secondary to another variable suehRe 850
temperature, 500Pa height, or 7608Pa specific humiditySignificance testwereconducted
using a Monte Carlo method over the 1294 8 time period, wih a twotailed 95% significance
threshold. A total of 1,000 samples were used. This was done over the entire DJFM sample

period for events by storm day a@d/l phase.
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3.2. Results
3.2.1. Surface Temperature Anomalies

While snowfall can occasionally accumulate with temperatures above freezing, snow
accumulates more readily when air temperatures are below freezing. Furthermore, surface
temperatures must be below freezing for freezing rain to o€bus, surface temperat
anomalies are important to determine if precipitation in a given OMI phase is more likely to fall
as snowor freezing rain as opposed to raliere are stagtically significant variations in
surface temperature anomaliesNdyO phase across much diet United Stateg.g., Zhou et al.
2012, Matsueda and Takaya 2015, Zhou et al. 2FFidlre 3.1) Phase 1 has cooler than normal
values over much of the Northeast Uv#here there were also high frequency ratios for heavy
snow and winter storm§igures2.3a, 2.4a)This implies that the increased frequency of winter
weather events during phase 1 over the Northeagtl bedue to the effect of below normal
temperatures that is associated with the MAf@se 5 is warm in the Southeastl lacks areas of
significant high frguency ratiogor any storm typéFigure 2.3e)Phase 6 is warm across much
of the eastern and central part of the country, while phase 7 is cold in the far north into Canada
(Figure 3.1) with neither phase having more than a few CWAs with significamt fineguency
ratios(Figures 2.3 and 2.4 f, gPhase 8 is cold in Maine and the Canadian Maritiimeaisthe
areas of high frequency ratios for winter weather were in the Centra|Rig8re 2.4h)and
there were no significant areas of high frequencpsdtr heavy snoWFigure 2.3h)Phase 2
featured cool temperature anomalies over much of the country and phase 4 had warm anomalies,
butneither set of anomalies wesgnificant(Figure 3.1) Similarly, phase 3 had neaormal

temperatures across mostioé country.
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Given teleconnections between the MJO and NAO have been feungC@ssou 2008
Lin et al. 2009, it is worth comparing the temperature anomalies associated with the MJO to
those associated with the NAThe surface temperature anomalies in phase 5 were most similar
to those in the positive phase of the NAO, while the anomalies in phase 8 wesmilasto a
negative NAO (Greatbatch 2008Jowever, while the negative phase of the NAO is associated
with snowfall in the Northeast U.S., (Hartley and Keables 1998), our results showetbrmeal
snowfall in phase 8 and more snow in phase 1 in thairreBirect analysis of the NAO and
MJO together in the region may be necessary to provide further insight on this discrepancy.
These results had some similarities to the temperature composites of Zhou et al. (2012)
(Figure 1.2)but also some differenceSur results and those of Zhou et(@012)both captured
cold anomalies in the northern U.S. in phases 1 and 8, and warm anomalies in the eastern part of
the country in phases 5 and 6. Howewephase 1, Zhou et gR012)found the core of the cold
temperature anomalies to be centered in the Upper Midwest, while we found the greatest cold
anomalies to be in the Northed8hases 2 and 4 tended to have weaker surface temperature
anomalies in our results as compared to those found by Zhou et al. @6&Z)otential cause of
the differences is the use of a different index to categorize the phase of the MJO. Our results use
OMI while Zhou et al. (2012) used RMM. Also, our composites were for the months of
December through Mardhom 19962018 while Zhouet al. (2012) only used December

through Februarfrom 19792008



46

Surface Temperature Anomaly: OMI Phase 1 (D&FM) Surface Temperature Anomaly: OMI Phase 2 (D!FM)
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Figure 3.1: Surface temperature anomaly by OMI phase. Stigplitgs and other figtes in

this thgpterrepresenstatistical significance at the 95% level.

To determine to what extent the influence of the MJO on surface temperature affects the
frequency of winter weather events, we will analyze how the temperature anomalies in a given
phase of the OMI compare to the temperature anomalies on daygweithtypes of winter
weather events in the regions of the country shown in Figuréf 2.given OMI phase has a

high frequency of winter weather events and a similar temperature pattern to days with winter



47

weat her events, that s ongegpesature maybephart of thegeaddd OO0 s
for the high frequency of winter weather events in that pfidsespatialcorrelation of the
temperature anomalies by OMI phase to those by storm days will be compassedsheir
similarity.

Ondays with wirter weather events in the Northern Plains (Figu#g most of the
eastern and central U.S. have significant warm anomalies of around 2 K for heavy snow and
winter storms, and 4 K for ice stornideanwhile, the northern Mountain West and far Northern
Plains tend to be cooler than normal. These increasqaktatare gradients over the Northern
Plains region could be indicative of fronggistens. Ice storms are the only storm type with no
significant cool anomalies in or near the United Statesvever, only a weak increase in
temperature gradient is obsenaeer the Northern Plains during phase 4 of the OMI (Figure
3.1)when winter weather reports are higher th&igyre 23d, 2.44. This result suggests the
modulation of surface temperature anomalies is not the main reason why phase 4 of the OMI
tends to gpport severe winter weather over the Northern Pldinespatialcorrelations between
OMI phase and heavy snow and winter storm days were positive in phases 2 through 4, as well
as phase 6 (Table 3.1). None of the phases with negative correlation tiadhabualfrequency
of heavy snow dayd his suggests that some of the temperature patterns associated with heavy
snow in the Northern Plains may be due to associations between the MJO and temperature, but
there are other factors as well.

Thesurface temperature associated with winter weather reports oveoukigern Plains
(Figure3.3) has a similar patterto the Northern Plainsiowever, the areas of cold and warm
anomalies are shifted to the southe magnitude of the warmest temperamamemalies is

weaker than in the Northern Plaifarthermore, for ice storm days in the Southern Plains, there
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is an area of significant colder anomalies to the northwesise patterns are largely similar to
the anomalies found in OMI phase 2, except the OMI anomalies are not statistically
significant. There are high (0.51 to 0.78patialcorrelations between temperature anomalies
during days with winter weather and OMI phagd @ble 3.2) which suggests that the
relationship between temperaturedlahe MJO in that phase is associated with its effects on
winter weather event frequency.

In the NortheastFigure 3.4) the pattern is slightly different. In days with winter weather
in that region, the areas of greatest warm anomalies are located due south or southwest of the
region.This is most similar to OMI phase @hich had frequency ratios near to above normal
(Figures 2.3b, 2.4bYhis is in contrast to the areas of greatest warm anomalies being located to
the southeast when there is winter weather in the Great Plai@gattern in the Northeast could
be different because the Atlantic Ocean is to the southketms cegion, where the standard
deviation in temperature is lowédce storm days in the Northeast have the greatest warm
anomalies, with maximum values close to 7 K in the Ohio Valley. This could be due to low
pressure areas passing to the north eftleyin such situations, with winds bringing warm air
from the southHere the strongest correlations betwemmperatire anomalies by OMI phase
and storm dayare in phases 2 and 7 (Table 3.3), both of which had frequency ratios near 1
(Figure 2.10)This means that in the Kbeast, spatial correlations of temperature do not suggest
a relationship between the MJO and winter weather through surface temperature.

A few regions havstatisticallysignificant temperature anomaligsspite small
magnitudes of the anomali€khis is because themperaturelimatology is from 1982010,
while the dataset of storm days is from 198618. Due to climate change, temperatures across

the United States have warmed slightly, so the mean anomaly will be slightly greater than zero.
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Figure 32: Surface temperature anomaly associated with different types of winter weather events

on the Northern Great Plains.

Table 3.1: Correlation betwesnrfacetemperature anomali@ days with given storm type

the Northern Plainand OMI phase

OMI Phase 1 2 3 4 5 6 7 8

Heavy snow -0.64 |0.21 0.41 0.25 -0.30 |0.18 -0.08 |-0.08
Winter storm -0.59 |0.10 0.38 0.29 -0.19 |0.32 -0.22 | -0.22
Ice storm -0.21 |-0.25 |-0.04 |0.30 -0.07 |0.58 -0.21 | -0.38

Note: In this and all following tables in this chapter, OMI phases that had statistically significant

high frequency ratios fa givenwinter weather type are shown in bold.
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Figure 33: Same as Fig. 3.2, but fdre Southern Great Plains.

Table 32: Correlation betweesurfacetemperature anomali@s days with given storm type in

the Southern Plains and OMI phase

OMI Phase 1 2 3 4 5 6 7 8

Heavy snow -0.62 | 0.73 0.38 0.08 0.01 -0.42 | 0.30 0.17

Winter storm -0.70 | 0.61 0.44 0.09 -0.08 |[-0.28 |0.35 0.19

Ice storm -0.61 0.51 0.12 -0.02 -0.37 -0.25 0.49 0.35
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Figure 34: Same as Fig. 3.2, but ftire Northeast.

Table 3.3: Correlation betwesnrfacetemperature anomalies days with given storm type in

the Northeast and OMI phase

OMI Phase 1 2 3 4 5 6 7 8

Heavy snow -0.03 | 0.63 0.06 -0.27 |-0.36 |-0.80 |0.68 0.66

Winter storm -0.35 |0.50 0.01 -0.22 |-0.37 |-0.56 |0.69 0.68

Ice storm -0.71 | 0.30 0.17 -0.02 |-0.19 |-0.08 |0.43 0.36
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3.2.2. 850 hPa Temperature and Wind Anomalies

The next variable analyzed is 850 hPa temperature. The freezing line at 850 hPa is often a
reasonably good determinant of the precipitation type at the suvwdhebelow freezing 850
hPatemperatures typically being necessary for snow. Furthermore, if 850 hPa temperature
anomalies are greater than those at the surface, that would suggest inversions are more likely,
and thus freezing rain and sleet would be more likely as precipitatios Wpedl at850 hPa is
analyzed in addition to temperatuceidentify anomalousemperature advectioWarm air
advection is often associated with isentropic asaemére the air cools as it ascends over a
colder air mass. Isentropic ascent can lead to condensatiqmeanigitation developmetir
extratropical cyclong

At the 850 hPa level, the temperature anomalies are simoilarot identicato thoseat
the suface.For example, the belowormal temperature anomalies in the Northdasing OMI
phase Jre statistically significant at the surface but not at 850 PRase 7 has a larger area of
cold anomalies at 850 hPa when compared to the surface. Phasdightlyshigher temperature
anomalies at 850 hPa compared to the surface and also a very high frequency of winter storms in
the Northern Plains, which have freezing rain or sleet.

The wind anomalies are often parallel to the isotherm anomalies, suggesting that the
anomalous flow is approximategjeostrophidFigure 3.5) However, there are some exceptions.
For example, phase 7 featum®malougold air advection near the Gulf aAtlantic coasts,
and phase 8 featurasomalougold advection over the Upper Souiluring phase 6, there is
anomalousvarm air advection from the Central U.S. into Can&tteases 2 and 4, which have
largewinter weathefrequency ratios over the Greatfls, tend to feature weak winds over that

area.Phase 1, which has a large frequency ratio of storms over the Northeast features
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significantly lower heights toward the south, wathomalousyclonic circulation over the

Northeast itself.
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Figure 3.5: 85tPa temperature (shading) and wind (vector) anomalies by OMI phase. For this

and following plots, stippling represents areas of statistical significance for the shaded variable.

Temperature and wind anomalies at 850 hPa on days with winter weather can be
compared to days in a given OMI phase in the same way that this was done for surface

temperaturesStorm days in the Northern Great Plains have a large amoanbofalousvarm
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air advectio (Figure 3.6) especially for winter storm and heavy snow evdoesstorms have

the warmest 850 hPa temperature anomalies;5dk 3For precipitation to be freezing rain, there
needs to be a layer of the atmosphere above freezing, so these warmesmnareaih agreement
with storm thermodynamic&.or winter weathedays in the Southern Great Plains, the
temperature pattern is shifted to the sqiilqure 3.7) Again, there is a large amount of
anomalousvarm air advection over the region of intereste Tmagnitudes of the cold anomalies
are greater and closer to the region of interest in the Southern Great Plaifroctse.

Northeast, the magnitude of the warm anomalies is greater than the other regiohk at 6
(Figure 3.8) For all of the regionsyinter storm days tend to have weak warm anomalies at 850
hPa as well. This is because winter storms have some amount of sleet or freezing rain, so they
still need a warm layer over©. For heavy snow days, there tend to be slight cold anomalies in
the Southern Plains, where average temperatures tend to be warmer. However, temperature
anomalies are closer to zero in the Northern Plains and Northeast. Similar to the surface
temperature &®s, there is a strong temperature gradient in each situation.

The 850 hPa temperature and wind anomalies during days with winter wedtieer in
Northeast tend to most resemble OMI phds&s and 7(Table 36) when the number of winter
weather reportssinear or above normah the Southern Plains the results most resemble OMI
phase 2with correlation values above 0.7 for all storm types (Table Bi%lne Northern Plains
the results most resemble OMI pha2e8,4 and §Table 3.4) These are all @ses with near to
above normal frequency of winter weather events in their respective regioisegms that
temperature and wind at 850 hPa play a role in winter weather developraéiribree regions
But since the OMI phase with the strongest spatial correlation does not correspond to the phase

with the highest frequency of winter weathether factors must also play a role the Northern
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Plains, tle changes in the frequency of winter weatrepartially caused by increased warm
advection in much of the region, leading to increased moisture, and sleet or freezing rain being
more likely as precipitation typek the Southern Plains and Northe#lsé advection patterns

are less pronounced, but the tempaepatterns are still presefte increased temperature

gradient could lead to baroclinicity and storm development.
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Figure 36: 850 hPa temperature and wind anomalies associated with different types of winter

weather eventis the Northern Great Plains
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Table 3.4: Correlation between 850 hPa temperature anomalies on days with given storm type in

the Northern Plains and OMI phase

OMI Phase 1 2 3 4 5 6 7 8

Heavy snow -0.55 |0.62 0.58 0.25 -0.15 |0.44 0.09 -0.08

Winter storm -0.62 0.48 0.54 0.24 -0.06 0.47 -0.19 -0.27

Ice storm -0.24 -0.16 0.04 0.13 -0.13 0.36 -0.72 -0.52
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Figure 37: Same as Fig. 3.6 but ftre Southern Great Plains.
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Table 3.5: Correlation between 850 hPa temperature anomalies on dags/&ritstorm type in

the Southern Plains and OMI phase

OMI Phase 1 2 3 4 5 6 7 8

Heavy snow -0.50 |0.73 0.49 0.04 0.33 -0.13 | 0.25 0.13

Winter storm -0.49 | 0.72 0.44 0.02 0.24 0.05 0.28 0.16

Ice storm -0.45 |0.71 0.23 -0.04 | 0.05 0.20 0.22 0.20

Figure 38: Same as Fig. 3.6 but ftre Northeast.































































