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1. INTRODUCTION
Great Lakes ice cover alfects the winter lake

aquatic  system, winter navigalion and
hycropower  generation,  winter  recraational

activity, and lake sifect spowfall. Many lactors
determine the seventy of an we season and

among the most important 18 atmospherc
gircuiation. Advection of warm or celd  air
masses and wind speed affect latent and
sensible heat  axchange  belwean  the
atmosphere ard the jakes and hus the rale of

winter cooling and ice formation.

Teizeconnections are ari aifeciive,
paramstric  way to desgriba  aimogpnenc
circulation.  When  examining  relationships

between Graal Lakes ice cover and large-scale
atmesphernc circulation it s mpenant
consider not  only  separale i2ieconneciion
patterns but their combinations as weil. Tha
combingd  action of several ‘leleconnseions
characienzes the stale of the almosphera over
the entire hemisphere. Tne obiective of ihis
study is to improve our understanding af wnich
ieleconnection  indices,  or  he  interacticn
petween indices, drive the interannual variations
in Great Lakes ice cover and [0 4ve simgle
characterizations  of  the condilions  ihat
determine when ice cover 1§ above normai or
beiow normai.
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2. DATA AND METHOD
We zpplied a simple ice cover model (Assal
et al,, 1998} to estimale the annual maximum ice

cover for the combined area of ine five Great
Lakes, Figure 1 vompares modeled and

observed data. In this study we are using
modeled data 1o extend the period of record
back tc 1950. Atmospheric ieleconnection
indices were as follows: Folar/Eurasian (POL,
West  Pacific  {WP), East Paciic (EP),
Pacitic/Nanth American (PNA), Tropical/Northern
Hemisphere (TNH), East Afianiic (EA), and
North Atlantic Oscillation (NAQ). To characierize
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Fig. 1. Modeled and observed maximum annual ice
awver on the Great Lakes, 19580-1098.

lndex (SO, and 21 the Multivanate ENSQ Index
(MEY).

Ta examine an asscciation Detween the
eleconnection indicas and ce cover we used a
binary tres-growing method  developed by
Breiman ot al. (1884}, known as Ciassification
and Regression Tree (CART). The CART tree s
constructed by splitting subsets of the data set
using ail predicior variables 1o craate fwo chilg
nodes repeatedly. beginning with the entire data
set. CART works by avaluating sach predictor ©
find the best groupings of classes based on
improvement score, or raduction of impurity.
Then the predictors are compared. and the
predictor with the best improvement score is
salectard for the split. The process repeats
recursively unii one of the stopping ruies is
triggered. A tree-structurad output of the CART
precedure  provides easily understood  and
interpreted information regarding & relationship
between the target vartable and its predicio:s.
This wiformation can also be pregenied as a set
of iIF-THEN ruies.

feonnied rom ine prepdst volyma of the Eighth Conference
on Climate Variation. 1317 September 19584, Cenver, GO,
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Fig. 2. Composite 700-hPa height anomaly maps {ielt cotumn} and associated SAT anomaly maps {right
column) charactenistic of below-nermal lce cover. Reference pened 1950-18898), a-bj type 81 ibaiow normal:
1964, 58, 84, 75, 76, 83, 81, 92, 98, 63, 98; normal: 80. 89, 80, 87} c-dj type B2 {below normal- 1853, 80, §7;

normal; 56, 84, 585

3. CIRCULATION PATTERNS ASSOCIATED
WITH BELOW-NORMAL ICE COVER

A predictor with the highest improvement
score in the root node was the POL index. A
simple rule

IF PCL >0.23

THEN ice cover = below normal
correctly classifies 11 out of 15 (or 73%) of ali
winters with below-normatl ice cover. It is impor-
tant t0 note that a group of winters formed by
this rule was remarkably pure; there were no

wititers with  above-normal ice cover in this
group. A composite map of 700-hFa height
anomalies for the years in this group is pré-
sented in Fig. 2a. It shows thai negative 700-
hPa height anomalies are concentrated in the
high lahtuddes, suggesting a devaloped Polar
vortex and enhanced zonal circulation over the
entire Northern Hemisphere. For further refer-
ence, we will cail this type of circulation B1.
Surtace air temperature (SAT) anomalies 2ss50-
cialed with B1 (Fig. 2h) are mostly positive over
centrat parts of North America. particularly in the
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area siretching from northwestern Canada 1o the
eastern United States complately covering the
Great Lakes. Strong negalive SAT aromalies
are centered cver the Hering Sea and norih-
eastern Canada

The next best predictor alter the POL index
in the root node waa the WP index. in those
vears whan WP >~ 0.18 ite cover was mainly
below normmal Qut of 17 vears that satisty this
condition, 10 (or 7% of ihig class) had below-
normat ice cover, 8 years were nonmal, and only
1 year had zbove-normal ice cover. The dis-
tribution of 700-hFa height anomalies for the
years in this group (not shown) s very ciose to
tyoe B1, while emphasizing strong zonal circula-
tion over the westarm North Pacific.

We also found a sfrong association with the
ME! index. There were 10 winiers during the
1956-1888 penod when the MEI] exceeded 0.79
{strong El Nino events), and 7 of lhese winters
were characterized by below-normai ice cover, 3
riormal, and 0 above-normal ice cover. We did
not find, howaver, a correspondingly strong ten-
dency for above-normal ice cover during La Nina
events, The relationship betweaen ice cover and
ENSO events is not symimetric.

The composite maps for those yeass for
which ME] > .79 {not shownj has much in
common with type B1. that is, during strong El
Nifio events atmospheric eirculation over the
Northern Hemisphere tend to be zonal.

Some of the winters with below-normai ice
cover on the Great Lakes occurred when at-
maospheric circulation over the Northern Hemi-
sphere was meridiona!l rather than zonal. Those
winters can be described as follows:

IF POL £0.23 & NAO £ 0.20 & TNH £ -0.72,
THEN ice cover = balow normal.

This rule singles cut a group of six winters, of
which three are below normal, and three are
normal, Atmospheric circulation for this group of
winters (which we cail B2) is characterized by a
weaker than normal circurnpolar vortex that is
also shifted toward the North Atlantic sector (Fig.
2¢). The corresponding SAT anomaly map (Fig.
2d) features strong posifive anomalies in north-
eastern Canada, which are apparently associ-
ated with the negalive phase of the NAO and
reduced advection of Arctic aw to this region.
Typically, a distribui:on of positive SAT anoma-
lies over North America under the negative
phase of the NAD is confined by about S0°N. In
this situation both temperature and ice cover in
the Great Lakes are near normal. In some
relatively rare situations, however, when fhis
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- of the NAG is combined with a strongly
e ase of the ThH, nosiiive SAT

i iy extend fariher sauth making
s o the Great Lakes muld,

4. CIRCULATION PATTERNS ASSOCIATED
WITH ABOVE-NORMAL ICE COVER
Unilke below-normal ioe cover, which can

oiten Do successfully classitied using just one

teleconngction index, classification of above-
normal ice cover s more complex ang raquires
two or three teleconnection indices. When these
indices are combined they are usvally in the
phase that corresponds to the mendional rather
than zonal circulation. As & result, all three types

ol  atmospheric ciroulation.  associated  with

above-normat ice cover (A1, A2, and AR, are

mearidional n nature {Fig. 3). Type Al s de-
scribed by the rule:

[ POL < 0.23 & NAQ < C.20 & TNH = -0.7

THEN ice cover = above nermal,

This relatively complex rule singles out 88%
{14 out of 16) of years with above-normal ice
caver in a surprisingly pure group with only one
vaar of below-normal cfass {1955) and ona nor-
mal vear. This rule is similar to that for wype B2
except for the TNHM index. A comparisan of Figs.
3a and 3b for type A1 with Figs. Zc and 2d for
type B2 shows the significance of this index. in
case of A1, positive SAT aromalies over North
America are limited by northeaslern Canada,
wnite over much of the continent, including the
Great Lakes, SAT anomalies are negative.

Types A2 and A3 ars based on wo differ-
ent subsets of above-ncrmal years and are op-
posite to each other. Thay retlect different cli-
matic situations leading to above-normal ice
cover on the Great Lakes. Both of them, how-
evar, nvoive the PNA ingdex. This indax by itselt
is not slrongly associated with ice cover. lroni-
cally, both the coldest (1876/77) and the warm-
est {1997/98) winters on the Great lLakes during
the 1850-19%8 period were El Nifio winters with
the highest and second highest positive PNA
intices respectively. Figure 4 schematically it
lustrates the principal difference in aimospheric
circulation between thess two winters.

The winter of 1876/77 (Fig. 4a} was char-
acterized by a wsil-developed ridgae-trough sys-
term over North America, that is, enhanced me-
ridional circulation. The ridge over the North
American west coast was so strong thal it sfiec-
tively blockad Paciific cyclones iram entering the
continent, According to the stormtrack maps
published in the Climatological Data. National
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Fig. 3 Same as Fig.2 excep! for above normal ice cover. a-b) tyne A1 (above normal: 1959, 62, 83, 65, 68, 70,
71,72, 77, 78. 79, 82, 85, 96; normal: 8S: beivw normal: 55), c-d} type A2 {above normal: 1958, 62, 65, 71, 72, 78,
82. normal 50, 52, 57, 85, BY, below normal: 55, 75}, e-f) type A3 (above normal: 1963, 68, 70, 77, 78, 81, 86, 84,
96: nocrmal 81, 74, 84, below normal. 53, 0, 871
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Summary (NOAA), a iarga oortion of the cy-
ciones cver North America were originating over
wast-cenirai Canada. The stormtrack was ori-
ented from northwest to southeast aleng the
western periphery of the upper ridge in Fig. da.
Frequent coid arclic & cutbrgaks. in the Great
Lakes region were associated with the cold
fronts of these cyclones and the eastern periph-
ery of anticyclones that aiso maved in the same
direction.

Fig. 4. Schematic itustraticn of atmospheric
circulation during a) winter 1876/77, and b) winter
1997/98.

During the winter of 1987/98 (Fig. 4b) the
jet stream was spit. and ds nerthern branch had
almost straighi zonal orentation thus blocking
the intrusion of arctic ar lo the eastern half of
the United States. A really significant upper air
ridge over the west coast failed to form and
numerous cyclones easily penetrated from the
Pacific into the continent, moving there in a
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nearly zonal direction. The Great Lakes region
often tound iself i @ warm secior of these
oyolones.

These exampies clearly show that great
distortions of the PNA pattera ars possibie, o
the—} extent that the resuiting anomaly patlern

anly vaguely (1 not at ail) resembies the PNA
m‘.ﬂgu""on Thus, the geographical position of

" the Great Lakes regarding to the PNA paflern

(100 close ta the nadal point of this standing ¢s-
ciltation), instability of the pattern stself, and the
inability of the PNA index to unambiguously
characterize i.Imosoheric circulation does not
make this Index a good c’assmer for the jce
cover. Siill it can be usefut if it is combingd with
other tgigconnection indices. Type A2 (Fig. 3¢)
18 formed by a combination ot negative PNA and
positive TNH patterns:

I PNA £-0.20 & TNH > -0.05,
THEN ice cover = above naormat.

Negative phase of the PNA 15 characterized
by frequent troughing over the west of North
America and ridging over the east. Howsaver,
when this is accompanted by a positive TNH
patiemn, which features a negative 700-hPa
height anomaly north of the Great Lakes, the
ridging on the east IS suppressed. As seen from
Fig. 3d, the strongest negaiive SAT anocmaiy
under this patiern is over west-central Canada,
and the Great Lakes i located on the periphery
of this anomaly. In this situation aven the
slightest variations in the atmospheric circi!=tion
pattern rmay have significant consequnces for
the Great Lakes. The probabiily of above-
normal ice cever is highest for Lake Superior
and fowest for lakes Erie and Ontario.

Type A3 (Fig. 3e) represents a combinaion
ot the PNA and POL indices:

I PNA > -0.20 & POIL = 0.22,
THEN ice cover = above normai.

It is very similar to the classical PNA pattern
featuring a deep upper atmospheric trough over
the central North Pacific, a ridge over weslemn
Canada. and again a trough over the east coast
ot the United States (Wallace and Gutzler 1981).
Qut of the three coldest consecutive years on
the (Great Lakes: 1977, 1978, and 1979, wo
(1977 and 1879) were of this type. and the third
was type A2. The most significant negative tem-
perature anomalies during type A3 are in the
southeastern part of North America (Fig. 3f).
Again, like with the type A2, the Great Lakes
region is on the periphery of this anomaly, but
this time the lower lakes have a higher chance



lo have above-normal we cover than Lake Supe-
riof.

5. CONCLUSION

Relationships between maximal annual ics
cover on ihe Great Lakes and winter atmos-
pheric ieleconnection palterns are examined
using the CART method. This method is par-
ticufarly uselul when a relationship belween the
farget varnable and prediclors 15 not symmetric
refative to the sign of anomaly. Thus, we {ound
that below-normai ice cover in the Great Lakes
was strangly assacialed with Ef Nifo events in
the equatorial Pacific. However, the associalion
between above-normal ice cover anc La Nira
events was much weaker. This result is consis-
tent with the maps of SAT anomalies during &l
Nino and La Nina evenis in Hoerling et al
(1997} who showed that tha nonlinearily of the
ENEO effect reaches its maximum in the Great
Lakes region.

The CART methed allowed us to reveal in-
dividual teleconnectlion indices and combina-
tions of indices that are most characteristic of
below-normai and above-normal classes of ce
cover, Beiow-normal ice cover on the Greai
l.akes tends lo cceur during penods of zonal
atmospheric circulation over the Northern Hemi-
sphere. It i important to note, however, that
zonal circuiation over the Morthern Hemisphere
does not always franslates inta zonai circuiation
over North Amnerica, if we measure the degree ot
zonality by the PNA index. This index turred out
to be a poor classifier for ice cover. This can be
explained in part by the fact that it cannot unam-
biguously characterize the type of atmosoheric
circutation over the conlinent, Thus, two years
with almost equally high PNA indices (1877 and
1998) had different types of atmospheric circuia-
tion and, as a result, extremely opposite ice
cover anomaly on the Great Lakes.

Although thera is a clear lendsncy for
above-normat ice cover (o ocour during vears of
merndionat circulation over the Northern Hemi-
sphere, the structure of the relationship between
ice cover and atmospheric circulation for these
years is more complex than for the vears with
pelow-normal ice cover. There is a sort of hier-

archy betwesn fypes Al A2, and A3 Type Al is
characlerized by a composite map that ingludes
a majonty of vears (14 out of 18} with above-
aormal e cover and thus represeais the most
comman typs of atmospharic circudation for this
clzss. Twao other types, AZ and A3, are based on
subsets of years with above-normal ice cover
and represent different aspects of aimosphernc
circufation important for the formation of extan-
sive 1ce cover. Both these types involve he PNA
incdex and show that above-normal ice cover
may occur under both negative and positive
phasa of this naltemn. It the negative phase of
the PNA s accompanied by a positive phass of
the THH, the strongest negative SAT anomaies
are located over west-central Canada. extending
woward the Greal Lakes. In this situation the
neobabiiity of above-normal ice cover is higher
for Lake Superior, than for the lower fakes, On
the contrary, uader the A3 type of circulalion,
when pesitive phase of the PNA s accompanied
by normal or nagative phase of the POL. the
probahility of above-normal ice cover is higher
for the wer lakes,
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