kes ice cover:

—

L : s Kessler, AnTygsite
- -5 Leshkeyst

fii€nce, MSU March6 2018 ,E

4% *  Acknowledgemeg
Ty Lo B - = CILER ‘ j
- — ooperative Institute for Limnology
‘ 0~ e a.nd Ecosystems Research
University of Michigan

il Lol st i il Fhiniiiart L wiiid -":-



/ B M e e

Outline

I. Introduction
II. Research
Seasonal Variations

Interannual (year-to-year) Variability: El Nino and Southern
Oscillation (ENSO) and North Atalantic Oscillation (NAO)

Decadal teleconnection patters: Atlantic Multidecadal Oscillation
(AMO) and Pacific Decadal Oscillation (PDO) and their Impacts on
Lake ice and LST

I1I. Prediction: Transition of Research to Application (R2A) and
Operation (R20)

Coupled Great Lake Ice-lake Model (GLIM)
Statistical, multi-variable models
2018 Projection

[V. Summary



. Introduction (Decadal:lime Scales)

d ‘ \g .

il
Great Lakes Ice Cover Maxima | «si! [N@J RN ES

Groat Lakes Envircemental Resoarch Laboratory

March 6, 2014
m——— 92.19%

February 19, 1979

TTEBLETTT Lok
§FFigisvEss

§

February 14, 1994

89.01%
(90.7% peak)

March 14, 2017
A
o Only 19%!

&

oot S Mane




spring water
warming

Winter
recreation
and USGC

Under-ice
biology and
spring bloom

Shutdowns
Evaporation




In the

Michigan

By the numbers: Icebreaking on the Great Lakes
last winter

e X
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Follow on Twitter [http://twitter.com/garretellison] S o
on October 22, 2015 at 5:05 PM, updated October 22, 2015 at 6:21 PM

ﬁ [http:/ connect.mlive.com/staff/gellison/index.html] By Garret Elliso - —

=
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CLEVELAND, OH — Another icebreaking season is around the c:‘f
hoping it's not as brutal as the past two.

This week in Cleveland, members of the U.S. & Canadian Coast ¢
icebreaking operations for the upcoming winter season after tw:
ice cover on the Great Lakes.

and prompted calls from vessel owners and politicians fur anotte
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Il. Great Lakes Ice and Climate
Research

Seasonal Variations

Interannual (year-to-year) Variability: El Nino
and Southern Oscillation (ENSO) and North
Atalantic Oscillation (NAO)

Decadal teleconnection patters: Atlantic
Multidecadal Oscillation (AMO) and Pacific
Decadal Oscillation (PDO) and their Impacts on
Lake ice and LST



1. Seasonal Variation

GREAT LAKES ANNUAL MAXIMUM ICE COVER
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Climatological maps for
monthly AMIC (annual
maximum ice cover) in all
five Great Lakes for
December, January, February,
March, and April for the
period 1973-2017.
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Figure 5. Time Series of Ice Cover in the Great Lakes, 1973-2017
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Figure 6. Annual Mean Ice Cover (AAIC) and Trend in the Great Lakes, 1973-2017.



Why Year-to-Year Change?

* Global atmospheric teleconnection patterns?

* They are too far from us. How can they influences Great Lakes?



Major global-scale atmospheric teleconnection
patterns

AQ /NAM

NAO
(North Atlantie/Oscillation)
PDO

(Pacific Decadal Oscillation) AMO
(AtlantiesMulti-decadal Oscillation)
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(El Nino and Southern Oscillation)

SAM



Climate
Teleconnection
and Lake Ice

Polar vortex on
January 5, 2014
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Conceptual diagram for the development of teleconnection patterns
associated with severe and least ice cover, through the Westerly Jet ridge-

trough system’s intensification and weakening (Bai and Wang, 2012)




Relationship between Lake ice and NAO/AO and ENSO

(Bai et al. 2012, JGR)

REOF (8.5%) shown as
reqression map of 500mb height (m)

* North Atlantic Oscillation (NAQO) Pacific North America Pattern
(Arctic Oscillation) (EI Nino/La Nina, ENSO)
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3. Decadal Variability
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Ice cover (%)

Decadal Time Scales in Annual Max
lce Cover (AMIC)
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The annual time series of AMIC (black), AMO index (red),
and PDO index (blue). The linear correlation coefficients are
calculated: r(AMIC, AMO)=-0.38, and r(AMIC, PDO)=0.15.
The dashed lines denotes the indices >1 and <-1.



I DO Pacific Decadal Oscillation 1970-2015

3.5 a I OO Index value
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a) The Pacific Decadal Oscillation (PDO) Index is defined as the leading principal component of North
Pacific monthly sea surface temperature variability (poleward of 20N). b) warm phase and c) cold phase of
PDO, and corresponding October-March surface air temperature (d) and precipitation (e) anomaly during
the warm phase in North America for the 1900-1993 period. http://takvera.blogspot.com/2015/03/taking-

earths- temperature and influence.html (John Englart). Data sources:
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http://takvera.blogspot.com/2015/03/taking-earths-temperature-and-influence.html
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a) The AMO Index is defined as the North Atlantic Ocean SST anomaly
with the linear trend removed. Spatial pattern of SST anomaly for warm
phase (b) and cold phase (c) of AMO.
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Scatter plots of AMIC vs. NAO index (a), Nifio3.4 index (b), AMO index (c), and PDO
index (d). The linear regression lines are given. The quadratic curves are also given for
Nifi03.4 and PDO. r indicates the linear correlation coefficients between the time series of
AMIC and the individual indices for the period of 1963-2017.



Table 1. Correlations and p-values of AMIC with teleconnection patterns. The
significance levels are calculated using Monte Carlo simulation (Livezey and Chen 1983;
Wang et al. 1994).

Index r p-value Significance (%)
Nino3.4 -0.131 0.340 66

Nino3.4° -0.415 0.002 99.8

NAO -0.102 0.458 54.2

NAO? -0.004 0.979 1

AMO -0.377 0.005 99.5

AMO? -0.096 0.484 51.6

PDO 0.151 0.271 62.9

PDO? 0.109 0.429 57.1



Spatial regression map between the sea-level pressure (SLP) and DJFM indices of 1) NAO, b) Nino3.4, c)
AMO, and d) PDO during 1949-2016. The color bars are in dynamic height, hPa.
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Spatial correlation map between the surface air temperature (SAT) and DJFM indices of 1)
NAO, b) Nino3.4, c) AMO, and d) PDO during 1949-2016.
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Spatial difference (or anomaly) map between the positive phase (years) of AMO (1998-2017) and the
negative phase (years) of AMO (1973-1997) for a) SAT, and winter (b) and summer (c) LST difference
between the +AMO and -AMO. Units are in °C.
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Spatial composite DJFM SAT anomaly map referred to the climatology/mean of 1949-2016 for a) the
positive phase (years) of PDO, b) the negative phase (years) of PDO, and winter (c) and summer (d) LST
difference between +PDO and -PDO. Units are in °C.



AMO Negative Composite

AMO Positive Composite
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A AMO T-Test (95%)

Spatial composite AMIC during +AMO years (upper left), -AMO years (upper right), LST
difference between +AMO and —AMO vyears (lower left), and Student T-test areas for

over 95% significance level (lower right).
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Spatial composite AMIC during +PDO years (upper left), -PDO years (upper right), LST
difference between +PDO and —PDO years (lower left), and Student T-test areas for
over 95% significance level (lower right).



lll. Prediction
of Great Lakes Ice Cover

Coupled Great Lake Ice-lake Model
(GLIM)

Statistical, multi-variable models

2018 Projection



1. Computer Modeling:
Resolution for the Great Lakes Ice-lake Model (GLIM)




Validation of GLIM

Wang et al. (2010, JGLR)
SSM/1, MODIS-Ice C. AVHRR-SST
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GLIM was implemented into the Great Lakes Coastal Forecasting
System (GLCFS) beginning in winter 2009/10 (by Philip Chu, Dave Schwab and
Greg Lang):

http://www.alerl.noaa.qaov/res/qlcfs/erie-ice.php?lake=e&tvpe=F&hr=01



http://www.glerl.noaa.gov/res/glcfs/erie-ice.php?lake=e&type=F&hr=01

R20: GLCFS-Ice Forecasts

2009-2010 (no assim.) 2010-2011 (assim.)

NOAA/GLERL GLCFS, National Ice Center, NWS Cleveland
Year-to-Date Nowcast *without* Data Assimilation
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NOAA/GLERL GLCFS, National Ice Center, NWS Cleveland
Year-to-Date Nowcast with Data Assimilation
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Ice forecast with “data assim.” has been implemented into the Great
Lakes Coastal Forecasting System (collaborated with Dave Schwab and
Greg Lang):

http://www.glerl.noaa.gov/res/glcfs/erie-ice.php?lake=e&type=F&hr=01



http://www.glerl.noaa.gov/res/glcfs/erie-ice.php?lake=e&type=F&hr=01
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National Oceanic and Atmospheric Administration
Great Lakes Environmental Research Laboratory

“GLERI#

Ice

Research Data [ 0118 Ty

Publications Great Lakes Coastal Forecasting System, GLCFS

?{h:::l:nsele(.ll I (Je ‘GLCFS NOWCAST: 03/12/2012 (DOY 072) 1200 GMT

Now casts are generally posted by about 0036, 0636, 1236, and 1836 GMT (subtract 4 for EDT, 5 for EST)

Outreach About GLERL News & Events

Sponsors:

NOAMGLERL
National Weather Senvice

See also KML & files: [ Select Paramster =1

NEW Data Download (PO Query). This query tool provides quick access to GLCFS input data and model
output for a given ion and time period, 2006-present (in partnership with GLOS).

NEW See also Winds, Waves, nts, Temps. lce. GLSEA via Google Maps (pan/zoom)
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surface Temps SUperlor Ice Cover
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GLCFS FORECAST: 03/1272012 (DOY 072) 0000 GMT - Experimental
Forecasts are generally posted by about 0238 and 1438 GMT (subtract 4 for EDT, S for £2T)

Great Lakes
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Surface Currents winds
Water Levels Waves
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Superior
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Links:

s CO-OPS Great Lakes
Operational Forecast System
GLOS THREDDS Server
WWS Graphical Great Lakes
MNDFD Wave Forecasts
MNWS Graphical Great Lakes
Forecast
NWS White Lake
NWS Cleveland
NWS Grand Rapids
CoastWatch GLSEA
NOAAPORT Daily Weather Data
and Marine Observations
Additional Great Lakes Water
Temperatures, Wind/Waves,
Water Levels
Related sites:

*Grand Haven Nested Grid
“Indiana Dunes Mested Grid
*Saginaw Bay Mested Grid
*HECWFS

*UsL

Realtime Data Disclaimer
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Status, Status2
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NWS log, plot1, plot2
WWW stats

POMGL stats:e,h,m, 0, 5

NOAA Great Lakes Coastal Forecasting System
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New model: Unstructured-grid
FVCOM (finite volume coastal ocean model)
topograph




Unstructured grids
(new generation)
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Model Validation

« Satellite Surface temperature (GLSEAZ2)
« Thermistor chain measurement
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Results: Long-term 1993-2008 mean circulatio
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Model Results: Long-term 1993-2008 mean circulatiefs

Depth—averaged Currents |
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Seasonal Cycle of Lake Averaged Water Temperature
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lce extent 103km?

Ice extent 10°km?

105y,

Ko R&D: Modification and Implementation

of FVCOM-Ice model

Changed Euler forward scheme and 4th-order Runge-Kutta scheme that are inertially unstable (Wang and
lkeda 1997, MWR) to centered differencing scheme of neutral stability for inertial motion.

24,
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Observed(red) and Simulated(black) Ice Extent in Lake Erie from 2003-2011
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SST (deg C)

fractional ice cover
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Great Lakes Environmental Research Laboratory
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Cooperative Institute for Limnology
and Ecosystems Research

Dr. Jia Wang's Ice & Climate Modeling Team
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2. Develop multiple variables regression models

Orig: (Baietal. 2012, JGR) (1963-2017)
Y=0.46 -0.01Nif03.4 -0.53(Nifn03.4)2 -0.33NAO+ 0.30NAO-(Nino03.4)2

Full model
Y=0.18 -0.16Nin03.4 -0.47(Nifn03.4)"2 -0.57NAO+ 0.38NAO+(Nino3.4)"2
-2.8AMO+0.25PD0O+0.22PDO"2
-1.00AMO-NAO-0.07PDO2+(Nino3.4)"2
+0.98AMO-PDO”2

Bai et al. 2012; r = 0.479
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Scatter plots of AMIC vs. NAO index (a), Nifio3.4 index (b), AMO index (c), and PDO
index (d). The linear regression lines are given. The quadratic curves are also given for
Nifi03.4 and PDO. r indicates the linear correlation coefficients between the time series of
AMIC and the individual indices for the period of 1963-2017.



Develop multiple variables regression models

Full model without LST (1982-2017)

Y=0.26 -0.15Nifi03.4 -0.41(Nifio3.4)? -0.25NAO+ 0.13NAO+(Nifi03.4)?
-3.86AMO+0.25PDO+0.15PD0O?
-0.64AMO-*NAO-0.001PDO?*(Nifi03.4)?
+2.32AMO<PDQO?

Full model with LST (1982-2017)

Y=0.21 -0.18Nifio3.4 -0.32(Nifi03.4)? -0.12NAO+ 0.04NAO+(Nifi03.4)?
-3.62AMO+0.22PD0O+0.12PD0O?
-0.01AMO+NAO+0.001PDO?¢(Nifi03.4)?
+2.28AMO<PDQO? -0.26LST

Full Model; r = 0.713
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Full Model plus LST; r = 0.751
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Table 2: Statistics for model compared to observed ice cover. RMSE is root mean square
error, correlation is Pearson's correlation coefficient (r), p-value is the significance of
correlation based on students T-test, adjusted-R? is r-squared value adjusted to penalize
for multiple predictor variables, w/in 20% is the percentage of years that model predicted
Ice cover within 20% of observations (less than 20% absolute error), and w/in 10% is
percentage of years with less than 10% absolute error

Dataused RMSE Correl. p-value r> adj-r> w/in20% w/in10%
Baietal. (1963-2017) 20.47 0.48 0.00022 023 0.17  65% 38%
Full model (1963-2017) 17.91 0.69 4.9x10° 048 036  78% 471%
Full model (1981-2017) 19.17 0.71  1.1x10° 051 031  75% 53%
Full wiLST (1981-2017) 1841 0.75  1.3x10® 056 036  78% 53%



Percent Coverage

3. Application: 2018 projection
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Max Ice Cover, Feb 11, 2018
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Current weather maps, Jan 2, 2018
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Current weather maps, Jan 3, 2018
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Projecting annual maximum ice coverage in 2018
based on data from 1963-2017

Y=0.45 -0.13*Nin034 -0.4*Nin034**2 -0.4*NAO+ 0.21*NAO*Nin034**2 (ENSO&NAO on intera.)
-0.5*AMO+0.15*PDO+0.05*PDO**2 (AMO&PDO linear and squared on decadal)
+0.01*AMO*NAO-0.08*PDO**2*Nin034**2 (crossing decadal and interannual interactions)

+0.16*PDO**2*AMO (AMO&PDO interactions on decadal time scales)
On Dec 28, 2017: NOAA Great Lokes Coastal Forecasting System
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V. Summary and future effort

Similar to NAO, AMO has a linear, negative correlation with lake ice cover
(r=-0.29, -0.31); similar to Nino3.4 (r=-0.22), PDO has a quadratic correlation
with lake ice cover, but with positive sign (r=0.19)

Adding PDO and AMO, and their interactions/competing to each other, and
with NAQO, and Nino3.4, the correlation increases from original 0.44 to o. 68,
a significant improvement.

November LST has impact on ice formation. However, time series is 20 years
shorter. The longer the time series, the better the regression models
constructed

In late December 2017, the projected indices changes signs:
Early Dec = Late Dec of 2017
PDO  (-0.5+0.5: warm to cold)
AMO (0.4=> 0.3: same)
NAO  (+0.57 -1.0: warm to cold)
Ninos3.4 (-1.5»-1.0: strong La Nina (warm)=»weak La Nina (cold)
Regression model-projected overall Great Lakes AMIC=»60%);

y_super = 68; y_mich= 43; y_huron= 62; y ont= 29;y_erie= 90%, very
cose to the observations (~10% relative error)
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Future effort

Projected indices determine the accuracy of the
projection
Research and development of FVCOM-+ice will be

another approach to conduct seasonal ice prediction
near the future.



