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Figure 2. Comparison between alternative sources of Lake Michigan’s historical heat content (including both lake-wide, Qt , and thermistor chain-derived point
estimates, Qp), alternative sources of lake-wide surface water temperature (T0), and alternative sources of solar radiation (including cloud cover estimates used
to simulate S↓ in the LLTM). Points represent annual averages for each respective calendar year and are connected by lines for clarity (with the exception of the
thermistor chain Qp measurements, which are discontinuous over the period of record).

point estimates of heat content (Qp) from a long-term thermistor chain in southern Lake Michigan [Beletsky
et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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to simulate S↓ in the LLTM). Points represent annual averages for each respective calendar year and are connected by lines for clarity (with the exception of the
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point estimates of heat content (Qp) from a long-term thermistor chain in southern Lake Michigan [Beletsky
et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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point estimates of heat content (Qp) from a long-term thermistor chain in southern Lake Michigan [Beletsky
et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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3. Responses of Great Lakes Ice to NAO
and ENSO

[19] From 1963 to 2010, there were a total of 14 maximal
(≥69.2%) ice cover events on the Great Lakes during the
winters of 1963, 1967, 1972, 1977, 1978, 1979, 1981, 1982,
1985, 1986, 1994, 1996, 2003, and 2009. There were a total
of 15 minimal (≤39.8%) ice cover events during the winters
of 1964, 1966, 1969, 1975, 1976, 1983, 1987, 1995, 1998,
1999, 2000, 2001, 2002, 2006, and 2010. Eight of 14
(!57%) maximal ice winters coincided with "NAO events
(see the years with bold italics in the third column of
Table 2), and 8 of 15 (!53%) minimal ice winters coincided
with El Niño events (see the years in italic in the second row
of Table 2). These imply that both NAO and ENSO have
impacts on Great Lakes ice cover, and none of them dom-
inates over the Great Lakes region. Table 3 lists the corre-
lations between AMIC for each lake and the whole Great
Lakes and NAO index and Nino3.4 index. None of the five
lakes has significant correlation with Nino3.4 index. Lake
Superior has the largest correlation, and Lake Ontario has
the smallest correlation with Nino3.4. Lake Michigan has a
significant correlation with NAO ("0.37). The Great Lakes
as a whole has a significant correlation with NAO (0.27).

3.1. Great Lakes Ice Cover and NAO
[20] Figure 4 shows scatterplots between ice coverage and

the NAO index (Figure 4a), and the Nino3.4 index

(Figure 4b). The relationship between NAO and Great Lakes
ice cover is basically linear, with the correlation coefficient
being 0.27, implying that the ice cover tends to be lower
(higher) than normal during positive (negative) NAO. To
confirm the linearity relationship, we also calculated the
correlation between ice cover and square of NAO index,
which is only 0.10 with no significance even at the 90%
significance level.
[21] During the period 1963–2010, there were 17 negative

NAO and 18 positive NAO events. Among them, there
are 13 (9) strong positive (negative) NAO events. Ten of
17 negative NAOwinters had above-average ice cover, while
5 negative NAO winters had remarkably low ice cover;
2 (1964 and 1969) during El Niño and 2 (1971 and 2001)
during La Niña events at the same time. There were 18 pos-
itive NAO events of which 9 were associated with below-
average ice cover (5 were minimal ice cover). Winters of

Figure 4. The plane scatterplots between ice coverage and (a) the NAO index and (b) the Nino3.4 index
for the period 1963–2010. The regression curves are also calculated using the least square fit. The clima-
tological, maximal, and minimal ice concentrations are 54.5%, 69.2%, and 39.8%, respectively. Note that
"0.5 < index < 0.5 is a neutral state, 0.5 < ∣index∣ < 1.0 is a weak event, and 1.0 < ∣index∣ is a strong
event.

Table 3. Correlation Coefficients Between AMIC of Each Lake
and Climatic Indicesa

Superior Michigan Huron Erie Ontario Great Lakes

Nino3.4 "0.22 "0.14 "0.12 "0.21 0.074 "0.22
Nino3.42 "0.47 "0.37 "0.43 "0.34 "0.34 "0.48
NAO "0.16 "0.37 "0.17 "0.15 "0.24 0.27
NAO2 "0.02 0.14 0.098 0.13 0.067 0.1

aBold font indicates that the correlations are significant at the 95% level.

Table 4. Statistical Chi-Square Test of Relationship Between the
NAO/ENSO and Lake Ice Covera

Above Normal Ice Cover Below Normal Ice Cover

Chi-Square Test: 0.45
+NAO 1967, 1973, 1974, 1981,

1984, 1989, 1990, 1993,
1994 (9)

1975, 1983, 1992, 1995, 1999,
2000, 2002, 2007, 2008 (9)

"NAO 1963, 1965, 1977, 1978,
1979, 1982, 1985, 1986,

1996, 1997 (10)

1964, 1969, 1971, 2001, 2004,
2006, 2010 (7)

Chi-Square Test: 2.43
El Niño 1970, 1973, 1977, 1978,

2003 (5)
1964, 1966, 1969, 1983, 1987,
1988, 1992, 1995, 1998, 2005,

2007, 2010 (12)
La Niña 1963, 1965, 1968, 1972,

1974, 1985, 1989, 1996 (8)
1971, 1975, 1976, 1999, 2000,

2001, 2008 (7)

aThe NAO indices are greater than #0.5, and Nino3.4 indices are greater
than #0.5°C. The 95% and 90% significance chi-square thresholds are 3.84
and 2.71, respectively.
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Figure 2. Comparison between alternative sources of Lake Michigan’s historical heat content (including both lake-wide, Qt , and thermistor chain-derived point
estimates, Qp), alternative sources of lake-wide surface water temperature (T0), and alternative sources of solar radiation (including cloud cover estimates used
to simulate S↓ in the LLTM). Points represent annual averages for each respective calendar year and are connected by lines for clarity (with the exception of the
thermistor chain Qp measurements, which are discontinuous over the period of record).

point estimates of heat content (Qp) from a long-term thermistor chain in southern Lake Michigan [Beletsky
et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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point estimates of heat content (Qp) from a long-term thermistor chain in southern Lake Michigan [Beletsky
et al., 2006]. Lake-wide estimates of T0 are also available from 1995 to 2014 from NOAA’s Great Lakes Surface
Environmental Analysis (GLSEA) (for details, see Leshkevich et al. [1996] and Schwab et al. [1999]). A visual com-
parison between these alternate data sources (Figure 2) indicates that the LLTM provides a relatively robust,
long-term representation of Lake Michigan’s thermal properties and that, for the periods where overlapping
data are available, the various sources are consistent. In particular, we observe that through the late 1990s,
both the LLTM and the thermistor chain reflect a significant increase in lake heat content, while in the follow-
ing decade, estimates of heat content from all three potential sources (i.e., LLTM, GLCFS, and the thermistor
chain) are relatively consistent.

Point estimates of T0 and E (among other variables) are also available from two NOAA National Data Buoy
Center (NDBC) buoys on LakeMichigan [Hamilton, 1986;MeindlandHamilton, 1992] and (alongwith estimates
of S↓) a recently installed offshore meteorological and flux measurement station on top of the White Shoal
lighthouse in northern Lake Michigan (for descriptions of similar stations, see Blanken et al. [2000], Spence
et al. [2011], Blanken et al. [2011], and Spence et al. [2013]). However, for our interseasonal variability analy-
sis, we employ only the LLTM and the Great Lakes ice atlas as two data sources that are readily available on
a lake-wide spatial scale for a relatively long (i.e., decades) period of record. It is informative to note that the
NDBC buoys are used to verify the GLSEA temperature products and that the GLSEA temperature estimates
are used as an observational basis for calibrating parameters of the LLTM.

Finally, additional sources of solar radiation data are available (i.e., in addition to the S↓ values simulated by
the LLTM), including estimates from the National Solar Radiation Data Base (for details, see Maxwell [1998]).
Importantly, the National Solar Radiation Data Base (NSRDB) is divided into two time periods (1961 to 1990
and 1991 to 2010) and the first of these periods is known to have severe and unreconciled biases that signif-
icantly complicate analysis of long-term regional radiative forcings prior to 1990 (for details, see Gueymard
andWilcox [2011]). A visual comparison between global horizontal and direct normal average radiation from
the NSRDB between 1991 and 2010, however, along with over-lake cloud cover estimates from the LLTM
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Lake	  Michigan	  Heat	  Content	  and	  Surface	  Temperature	  
Simula&on	  Period	  



FVCOM	  +	  UGCICe	  
•  Finite	  Volume	  Community	  Ocean	  Model	  
– Unstructured	  triangular	  grid	  
–  Coupled	  with	  Unstructured	  Grid	  Community	  Ice	  CodE	  
–  NARR	  (Δx=0.25°)	  boundary	  condi&on	  and	  1	  year	  spin-‐up	  &me	  
–  Great	  Lakes	  Ice	  Atlas	  Satellite	  Observa&ons	  as	  Verifica&on	  



Boundary	  Condi&ons	  

FVCOM:	  
•  Air	  Temp	  @	  2m	  
•  Wind	  @	  10	  m	  
•  Surface	  Pressure	  
•  Shortwave	  Radia&on	  

	  

UGCICe:	  
•  Humidity	  
•  Cloud	  cover	  	  

	  	  	  	  (column	  integrated)	  



Ini&al	  Valida&on	  

Ini&al	  
Valida&on	  

Photo:	  Na>onal	  Geographic	  







	  	  	  	  	  	  	  	  	  	  	  Ice	  Cover	  Difference	  (Modeled-‐Obs)	   Overpredic&on	  
Underpredic&on	  



Addi&onal	  Valida&on	  

•  Surface	  temps	  (NDBC)	  
•  Thermal	  Structure	  (thermistor	  strings)	  
•  Long-‐term	  current	  pajerns	  agree	  with	  Bai	  et	  
al.	  2012	  



Methods:	  	  
Improving	  Valida&on	  



Iden&fying	  Causes	  for	  1998-‐2002	  	  
Over-‐predic&on	  

•  Model	  driZ?	  
•  Thermal	  regime	  shiZ?	  	  
•  Bad	  Forcing?	  	  
	  



Iden&fying	  Causes	  for	  1998-‐2002	  	  
Over-‐predic&on	  

•  Model	  driZ?	  
•  Thermal	  regime	  shiZ?	  	  
•  Bad	  Forcing?	  	  

	  	  	  	  Use	  CFSR	  (Δx=0.3°)	  instead	  of	  NARR	  
– Problem:	  No	  cloud	  cover	  in	  CFSR	  archives	  

•  NARR	  cloud	  cover	  interpolated	  to	  CFSR	  grid?	  



Methods:	  Deriving	  Cloud	  Cover	  

•  Derive	  cloud	  cover	  from	  Outgoing	  LW	  
Radia&on	  at	  TOA	  	  

•  Idea:	  Clouds	  block	  OLWR	  
	  	  higher	  rela>ve	  OLWR	  à	  lower	  cloud	  cover	  



Methods:	  Deriving	  Cloud	  Cover	  

•  Derive	  cloud	  cover	  from	  Outgoing	  LW	  
Radia&on	  at	  TOA	  	  

•  Idea:	  Clouds	  block	  OLWR	  
	  	  higher	  rela>ve	  OLWR	  à	  lower	  cloud	  cover	  
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Calibra&on	  using	  2010	  CFSR	  data	  

Derived	   CFSR	  Cloud	  

Methods:	  Deriving	  Cloud	  Cover	  



Preliminary	  
Results	  

Photo:	  Huffington	  Post	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ice	  Cover	  Difference	  :	  NARR	   Overpredic&on	  
Underpredic&on	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ice	  Cover	  Difference	  :	  CFSR	   Overpredic&on	  
Underpredic&on	  



Annual	  Max	  Ice:	  NARR	  forcing	  



Annual	  Max	  Ice:	  CFSR	  forcing	  



Conclusions	  

•  NARR-‐driven	  FVCOM	  significantly	  over	  predicts	  
ice	  during	  the	  years	  1998-‐2003	  but	  validates	  
well	  for	  other	  years.	  

•  CFSR	  +	  derived	  clouds	  eliminates	  overpredic&on	  
– Underpredic&on	  due	  to	  errors	  in	  derived	  clouds?	  

•  Outgoing	  LW	  appears	  to	  correlate	  well	  with	  
cloud	  cover	  during	  Spring,	  Summer	  and	  Fall	  



Future	  Work	  

•  Con&nue	  simula&on	  (2008-‐Present)	  
•  Alterna&ve	  cloud	  cover	  source	  
– Validate	  cloud	  algorithm	  with	  real	  data	  	  
–  Improve	  winter	  performance	  (700	  MB	  Rel	  Hum)	  

•  Boundary	  Condi&ons	  
– How	  is	  NARR	  different	  from	  CFSR?	  
– Use	  CFSR	  for	  en&re	  period	  

•  Lake	  heat	  content	  pre/post	  ‘97	  El	  Nino	  
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Cloud	  algorithm	  

	  
	  	  	  	  

Derived	  Clouds	   “Real”	  Clouds	  
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Surface	  Temp	  Valida&on	  
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