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ABSTRACT

Feedbacks between ice extent and evaporation have long been suspected to be important for Lake Superior

evaporation because it is during autumn and winter when latent heat fluxes are highest. Recent direct

measurements of evaporation made at the Stannard Rock Lighthouse have provided new information on the

physical controls on Lake Superior evaporation, in particular that evaporation can react within hours to days

to a change in synoptic conditions. However, the large heat capacity of the lake creates a strong seasonal cycle

of energy storage and release. There is a complex interaction among heat storage, evaporation, and ice cover

that is highly dependent on atmospheric conditions in the spring and autumn ‘‘shoulder seasons.’’ Small

changes in conditions in November andMarch caused by synoptic-scale events can have profound impacts on

annual evaporation, the extent of ice cover, and the length of the ice-covered period. Early winter air tem-

peratures in November andDecember dictate the nature of ice formation andmuch of the winter evaporative

flux. Decreased ice cover, by itself, does not necessarily lead to enhanced annual evaporation losses. Rather,

a combination of low ice cover and warm spring air temperatures, leading to an early breakup, can signifi-

cantly lengthen the next evaporation season and cause greater cumulative water loss the subsequent year. The

influence of individual synoptic events on annual evaporation is notable enough that the research community

should ensure that their role is properly captured in numerical models to provide sound predictions of future

Laurentian Great Lakes evaporation regimes.

1. Introduction

Until recently, Lake Superior surface energy budget

and evaporation research has used model output (e.g.,

Derecki 1981; Beletsky et al. 1999), buoy-based mete-

orological measurements (e.g., Laird and Kristovich

2002), or remotely sensed data (e.g., Lofgren and Zhu

2000) to discern the physical controls of evaporation. It

has been known for some time that there is a 5–6-month

delay between peak energy input and latent heat release

(Schertzer 1978; Lofgren and Zhu 2000). Studies have

shown that monthly and seasonal evaporation exhibit a

positive relationship with radiant heat transfer, air

temperature, and cloud cover (Morton 1967; Croley and

Assel 2002). Blanken et al. (2011) and Spence et al.

(2011) describe direct measurements of evaporation

that have recently provided new information on the

physical controls on evaporation from Lake Superior.

The evaporation response has a dichotomous relation-

ship with conditions in the overlying atmosphere. While

the large heat capacity of the lake is responsible for the

lag between peak energy input and turbulent flux, Lake
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Superior latent heat fluxes can be highly responsive to

short-term changes in synoptic conditions (i.e., hours to

days), specifically wind and vapor pressure, and partic-

ularly during unstable atmospheric conditions (Blanken

et al. 2011). Evaporation over such a large water body is

not spatially uniform, as evaporation rates vary with the

movement of synoptic-scale air masses over the lake.

While most evaporation occurs during relatively short-

term events of 3 or 4 days, these episodes tend not to

occur in isolated locations on the lake, but are spatially

widespread. The exceptions to this rule are during periods

of a stable atmosphere and low evaporation and when a

transient ice cover can limit evaporation from some areas

(Spence et al. 2011).

Evaporation accounts for 40% of losses from the lake,

so changes in evaporation volumes can impact water

levels (Neff and Nicholas 2005), particularly if these

changes persist through time. Current Lake Superior

water levels have been below normal since 1997, and

147-yr-old low-water marks were set in August and

September 2007. Extreme lake levels on Lake Superior

are largely driven by hydroclimatic factors (Stow et al.

2008) and can be cyclical. Previous low-water periods in

the 1920s and early 1960s can be attributed to low pre-

cipitation and runoff into the lake. The current low-water

period has been proposed to be anomalous, in that it is

suspected to be associated primarily with increased lake

evaporation (Assel et al. 2004; Hanrahan et al. 2010).

Observed trends toward decreased ice cover extent and

duration (Wang et al. 2012), stronger winds (Desai et al.

2009), and higher air and lake temperatures (Austin and

Colman 2007) could lead to speculation that a stronger

evaporation regime will be a new normal for Lake

Superior.

Modeled evaporation rates, however, show that there

was no increase in Lake Superior annual evaporation

between 1948 and 1999 (Lenters 2004), despite being an

indisputable period of higher mean annual air temper-

atures. Rather, the evaporation pattern displays an in-

triguing redistribution of the annual total from the

winter months of November through February toward

the summer and autumn months of July to October; a

trend also noted by Hanrahan et al. (2010). Notwith-

standing the nonlinear relationship between air temper-

ature and evaporation via an exponential relationship

between temperature and saturation vapor pressure, the

results from Lenters (2004) and Hanrahan et al. (2010)

imply that the relationship between air temperatures and

Lake Superior evaporation is complex and relevant

across a range of temporal scales.

It is often assumed that less ice on Lake Superior will

result in higher annual evaporation (Wang et al. 2010),

because it is during the autumn and winter months that

evaporation rates are highest (Schertzer 1978; Lenters

2004; Blanken et al. 2011). However, the ice regime of

Lake Superior and the other Laurentian Great Lakes is

unlike that of other large northern lakes (e.g.,Great Slave

Lake) or smaller lakes at the same latitude (Mishra et al.

2011). Lake Superior rarely freezes completely, and the

ice in any given location, especially offshore, is transient

over time. This prevents complete cessation of winter

evaporation and a reset of spring surface temperature

following the annual breakup. The former phenomenon

means that the lakewide fraction of ice covermaynot be a

good predictor of annual evaporation, particularly con-

sidering the amounts of evaporation that can occur in the

presence of relatively high fractional ice cover (e.g.,

Gerbush et al. 2008). The implication is increased per-

sistence in the lake temperature regime. At least a mod-

erately long observational record is needed to explain

how annual evaporation from such a large lake responds

to atmospheric conditions. Data from the field campaign

introduced by Blanken et al. (2011) have now been col-

lected for four years, across a variety of meteorological

conditions and within the range of near-recordmaximum

and minimum ice cover. This allows for the investigation

of the physical processes that control how Lake Superior

evaporation rates vary over time scales of several months

to years, which is the focus of this study. In particular,

aspects of the relationship between ice and evaporation

regimes of Lake Superior are discussed.

2. Methods

Stannard Rock Light (47.1838N, 87.2258W) provides

an excellent, year-round offshore platform for meteoro-

logical observations, as well as good exposure for turbulent

flux measurements, given its location 39km from the

nearest shore and 32m above the water (Fig. 1). The re-

sults of Spence et al. (2011) imply that while there can be

significant differences between evaporation rates observed

at Stannard Rock Light and those estimated across the

entire lake for short periods because of variation in surface

water temperatures and atmospheric conditions, mea-

surements of annual evaporation are typically within 10%

of those from the entire lake. Stannard Rock Light is Na-

tionalOceanic andAtmosphericAdministration (NOAA)

National Data Buoy Center (NDBC) station STDM4,

providing meteorological data since 1984.

An enhanced observation program that includes eddy

covariance and supporting meteorological instruments

began on 1 June 2008 to the present (June 2013) to directly

measure evaporation and associated meteorological con-

ditions. The period for this study was from 1 June 2008 to

2 April 2012. Turbulent fluxes of sensible and latent heat

(H and lE, respectively; Wm22 positive upward from the
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surface) were calculated from 10-Hzmeasurements of the

vertical wind speed (w; m s21), air temperature (T; 8C),
and water vapor density (q; gm23). Wind speed was

measured using a 3D ultrasonic anemometer (Campbell

Scientific CSAT-3), while water vapor density was mea-

sured using an open path gas analyzer (LI-COR 7500A

open pathCO2/H2Ogas analyzer) located 15 cmaway and

at the same height as the sonic anemometer. The statistics

(means and covariances) of the high-frequency data were

collected and processed at 30-min intervals using a data-

logger (Campbell Scientific CR3000). Corrections to the

eddy covariance measurements included 2D coordinate

rotation (Baldocchi et al. 1988), and corrections for air

density fluctuations (Webb et al. 1980), sonic pathlength,

high-frequency attenuation, and sensor separation

(Massman 2000; Horst 1997).

There were short periods, hours in length, during each

summer when poor quality data were produced. It is

suspected this was when the boundary layer was too

shallow to reach the 32-m height of the sensors. Data

during these periods were filtered out and not used in

calculations of daily latent heat flux lE and evaporation

E. The only extended period with a gap in observed data

occurred from 20 March to 10 May 2009 because of

power failure. Evaporation during this period was esti-

mated from an empirical equation based on wind speed

and vapor pressure derived byBlanken et al. (2011). Input

data were obtained from the NOAA Great Lakes Envi-

ronmental Laboratory operational evaporation model

because the NOAA station STDM4 was also inoperable

at this time. The measurement footprint, defined as

the upwind distance within which 90% of the turbulent

fluxes originate, was calculated using the solutions of

Schuepp et al. (1990), with corrections added for at-

mospheric stability based on the 24-h median value of

the Obukhov stability length. This footprint was calcu-

lated to be 12.56 2.5 kmupwind of StannardRock Light

during the range of atmospheric stability conditions

observed during the study period. Using a footprint-

based radius to designate the source area was deemed

acceptable since the surface is the same in all directions.

On the same mast, slow 5-s samples of ancillary me-

teorological variables were also measured, with 30-min

statistics collected on the same datalogger as the high-

frequency data. Air temperature at 32-m elevation (T32;

8C) and vapor pressure (e32; kPa) were measured with

a shielded thermohygrometer (Vaisala HMP45C).Water

surface temperature (T0; 8C) was measured with an in-

frared thermometer (Apogee IRR-T), from which sur-

face saturation vapor pressure was calculated (e0; kPa).

Biweekly ice cover data across the lake and within the

turbulent flux footprint were obtained from the Cana-

dian Ice Service (www.ice.ec.gc.ca). Output from the

Great Lakes Surface Environmental Analysis (GLSEA)

was used to define longer-term (1994–2010) Lake Supe-

rior surfacewater temperature regimes. These data (from

http://coastwatch.glerl.noaa.gov) were obtained from the

NOAA polar orbiting satellite-mounted Advanced Very

High Resolution Radiometer (AVHRR). Lake surface

temperatures are updated daily using information from

FIG. 1. Lake Superior, showing the location of Stannard Rock Light, and an inset photo of

meteorological instrumentation.
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the cloud-free portions of the previous day’s satellite

imagery. If no imagery is available, a smoothing algo-

rithm is applied to the previous day’s estimate.

Incident shortwave (SY; Wm22) and longwave radia-

tion (LY; Wm22) were measured with radiometers. Net

radiation (Q*; Wm22) was calculated from

Q*5 SY(12a)1LY2L[ (1)

using measured SY and LY, with ice-free and ice short-

wave albedo (a) set to 0.08 and 0.8, respectively, based

on direct measurements made over adjacent Lake Hu-

ron. Total outgoing longwave radiation (L[; Wm22)—

the sum of emitted and reflected—was calculated using

measured infrared water surface temperature (T0; K),

the Stefan–Boltzmann Law (where s is the Stefan–

Boltzmann constant), and an assumed emissivity («)

of 0.98 (i.e., reflected longwave was set equal to 2%

of LY). Because of logistical constraints of operating

buoys through the winter season on Lake Superior, direct

measurements of the rate of heat storage in the lake

(Jw; Wm22) within the vicinity of the flux footprint were

not performed as part of this study but were estimated as a

residual of the energy balance

Jw5Q*2 lE2H . (2)

The error in eddy covariance–based turbulent fluxes is

commonly quantified based on the degree of energy

budget closure. Blanken et al. (2011) showed that the

Lake Superior heat storage term, estimated as a residual

of the energy balance, compared well with those calcu-

lated by Schertzer (1978) using measured water tem-

perature profiles. This provides confidence that the

estimates of lE andH are likely within the 10%–20% of

the actual values within the turbulent flux footprint,

documented in other studies applying the eddy covariance

method over water (Tanny et al. 2007). Lake heat storage

(MJm22) and cumulative evaporation (millimeters) were

calculated for each evaporation year. The beginning of

the evaporation year was defined as the end of the final

week during which the Canadian Ice Service documented

ice on the lake (i.e., the ice-free date). This was assumed

to be the point in time after which subsequent energy

added to the lake would drive evaporation within the next

;365 days.

3. Results

a. Evaporation year 2008/09

The beginning of the observation period (June 2008)

began under stable atmospheric conditions, low evapo-

ration rates, and high energy input into the lake (Figs. 2, 3;

Tables 1, 2). The vapor pressure gradient became posi-

tive on 5 August 2008, at which time evaporation rates

steadily increased through December 2008. Frequent

passage of cold air masses in November 2008 resulted

in a below-average air temperature (T32 5 2.28C) and a

high number of freezing degree-days (FDD 5 29). This

led to a loss of 404MJm22 of heat from the lake that

month (Fig. 3) through strong turbulent fluxes, with a

lowBowen ratio of 0.32 indicating that evaporative cooling

was roughly 3 times greater than sensible heat fluxes early

in thewinter. The large heat loss resulted in the onset of ice

formation two weeks earlier than the median date. It was

not until roughly half of the flux footprint was covered by

ice (on 27 January 2009) that evaporation rates were sig-

nificantly reduced (Figs. 2, 4). March 2009 air tempera-

tures were below average (T32523.28C)with an extensive
ice cover present across the footprint, as well as the

entire lake (Table 1). Cumulative evaporation for 2008/09

was estimated to be 520mm. The length of the evapora-

tion year was 358 days, for an average evaporation rate of

1.5mmday21 (Table 2, Fig. 4).

b. Evaporation year 2009/10

The 2009/10 evaporation year began with cool spring

conditions and a low T0 on 1 June of 2.78C (Table 1). As

in the summer of 2008, early season evaporation was

suppressed by negative vapor pressure gradients (Fig. 2),

and almost all summer net radiation was directed to heat

storage (Table 1). November 2009 was warmer, with only

one FDD and a T32 that was 3.38C higher than the pre-

vious year. With November temperature and vapor pres-

sure gradients generally negative, only 107MJm22 of heat

was lost (Fig. 3). This reflects significantly lower evapo-

ration rates during November 2009, roughly half those of

November 2008. As such, the lake did not lose enough

heat early in the winter to permit offshore locations within

the flux footprint to freeze. This allowed evaporation rates

to remain steady through late winter, but higher air tem-

peratures (perhaps due in part to the lack of ice) resulted

in a switch toward negative temperature gradients, lower

vapor pressure gradients, and a suppression of evapora-

tion in March 2010 (Fig. 2). Thus, average evaporation

rates in March 2009 and 2010 were almost equal, despite

the vastly different ice cover fractions within the tower

footprint. Furthermore, evaporation totals and daily av-

erage rates for the 2009/10 evaporation year (525mm,

1.6mmday21) were nearly equal to those in 2008/09

(520mm, 1.5mmday21; Table 2, Fig. 4).

c. Evaporation year 2010/11

Positive Q* by 9 February 2010 (Fig. 3, Table 1), in

combination with mild air temperatures and a low ice

cover inMarch 2010, resulted in an early lakewide ice-free

1650 JOURNAL OF HYDROMETEOROLOGY VOLUME 14



date of 9 April (Table 1). This ice breakup, four weeks

ahead of the previous year, provided the opportunity for

500MJm22 more energy to be stored in the water column

during the spring of 2010, as compared to 2009. This extra

energy had several effects. First, it resulted in a warm

T0 of 8.58C on 1 June 2010. Second, the relatively

warm lake and positive vapor pressure gradients meant

relatively more net radiation (29%) could be directed to

turbulent fluxes during the summer months (Table 1).

June through August cumulative evaporation was

70mm in 2010 versus 15 and 21mm in 2008 and 2009,

respectively (Fig. 4, Table 2). Evaporation rates during

the winter of 2010/11 (3.2mmday21) were also ;30%

higher than the previous two winters (2.5mmday21)

because of stronger winds and vapor pressure gradients.

The longer evaporation year (393 days) and higher av-

erage daily evaporation rates (1.9mmday21) in 2010/11

resulted in the highest annual evaporation loss of the

4-yr study period (749mm; Table 2, Fig. 4).

d. Evaporation year 2011/12

Similar to 2010, net radiation during the spring of 2011

became positive over the lake surface five weeks earlier

than in 2009. For both years, however, this was not simply

because of a lack of ice, because decreases in reflected

shortwave radiation with changes in albedo were offset

by increases in outgoing longwave radiation with warmer

surface temperatures (Fig. 5). As such, the increased net

radiationwas primarily due to higher incoming shortwave

radiation (perhaps because of a decrease in cloud cover).

Consistent advection of cold air in March 2011 kept the

mean T32 near22.58C with only 10 thawing degree-days,

which was cooler than conditions in March 2009 when

there was extensive ice cover. These spring atmospheric

conditions allowed the lake to stay cold, such that T0 on

1 June 2011 was 38C lower than 2010, despite comparable

antecedent ice conditions. Net radiation was directed

almost entirely to lake heat storage during the summer of

FIG. 2. Daily, 24-h-mean time series of (top tobottom) temperature andvapor pressure gradients,

wind speed, and turbulent fluxes observed at Stannard Rock over the 4-yr study period.
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2011, rather than turbulent fluxes. Negative vapor pres-

sure gradients led to condensation through the summer

for the first time in the study period. This was followed

by a warm November, with an average T32 of 48C and

7 FDD. The maximum ice-covered fraction (FImax)

during the winter of 2011/12 and seasonally averaged ice

covered fraction (FImean) across the lake only reached 0.10

and 0.03, respectively, which was the lowest of the study

period (Table 1). Average winter evaporations rates

(3.6mmday21) were the highest of the study period, asso-

ciated with strong vapor pressure gradients and high winds,

thereby offsetting the delayed start to the evaporation

season. Total water lost to evaporation through the

331-day-long 2011/12 evaporation year was 574mm

(Table 2, Fig. 4), which was ;8% higher than 2008/09

and 2009/10 and ;23% less than 2010/11.

4. Discussion

a. The shoulder seasons: Spring and autumn

This study highlights the importance of the ‘‘shoulder

seasons’’ (i.e., spring and autumn) to the evaporation

regime of Lake Superior. Subtle changes in the distribution

of air temperature in November and March profoundly

shape antecedent conditions that affect evaporation for

several subsequent cold and warm months, respectively.

Conditions in November 2008 and 2010 provide two con-

trasting cases (Fig. 6). Surface water temperatures aver-

aged around 108C in October of both years, but air

temperatures in the subsequent month of November had

very different distributions, with 12 fewer freezing

degree-days in 2010 (Table 1). The difference in freezing

degree-days and average monthly air temperature be-

tween the two years was due simply to the passage of one

particularly cold low pressure system during 16–22

November 2008. This low was just east of Lake Superior

on 20 November 2008 and, in combination with a low to

the north, brought in cold air (24.58C) and high winds

(16m s21), creating a highly unstable surface (z 522.4;

a dimensionless stability parameter calculated as z/L,

where z is the measurement height andL is the Obukhov

stability length). This one event provided 17 freezing

degree-days. Sensible and latent heat fluxes during

FIG. 3. Daily, 24-h-mean time series of T32, Q*, and Jw observed at Stannard Rock over the

4-yr study period. In the figure lake heat storage is reset to zero at the beginning of each

evaporation year to aid comparison among years.

TABLE 1. A variety of key indicators of the Lake Superior

evaporation regime. TDD is thawing degree-days.

Evaporation year 2008/09 2009/10 2010/11 2011/12

Preceding March

T32 (8C)
22.2 23.2 2.1 22.5

Preceding March

TDD

3 35 79 10

Ice-free date 14 May

2008

7 May

2009

9 Apr

2010

7 May

2011

Date Q* . 0 n/a 15 Mar

2009

9 Feb

2010

7 Feb

2011

1 June T0 (8C) 6.3 2.7 8.5 5.0

Jun–Aug Jw/Q* 1.0 0.95 0.71 1.0

Nov T32 (8C) 2.2 5.5 3.4 3.9

Nov FDD 29 1 17 7

FImax (lake) 0.95 0.28 0.31 0.10

FImax (footprint) 0.95 0 0 0

FImean (lake) 0.32 0.05 0.09 0.03

FImean (footprint) 0.35 0 0 0

1652 JOURNAL OF HYDROMETEOROLOGY VOLUME 14



the passage of this event averaged 128 and 139Wm22,

respectively. Evaporation peaked at 7.5mmday21

on 20 November 2008. Overall, the lake lost

185MJm22 of heat during the week, almost half the

monthly total.

In terms of monthly mean air temperatures, there was

only a small difference (;1.28C) in 2008 and 2010 mean

November T32, yet the eventual maximum ice coverage

in 2008 was roughly 3 times that of 2010 (Table 1).

Clearly, the factors for creating extensive ice conditions

include both antecedent water temperatures at the start

of the fall/winter seasons, as well as the total heat loss

experienced by the lake during this period of rapid

cooling. Lake Superior surface water temperatures av-

erage around 78 6 18C in November, and with such little

variation, antecedent water temperatures in late fall are

not likely to account for much of the interannual vari-

ability in ice conditions. Support for this is provided by a

comparison of conditions during 2008 and 2009. Surface

water temperatures were near normal in 2008, and the

lake would have required approximately 400MJm22 of

heat loss to cool the upper 10m of the water column

to the freezing mark. As it turned out, conditions in

November 2008 enabled roughly 98% of this required

heat loss. The passage of the cold front in November

2008 provided a large proportion of the required cooling

that winter (45%) via 17 freezing degree-days, and in

only one week’s time. In contrast, November 2009

surface water temperatures were slightly colder (58C),
but the one freezing degree-day and 107MJm22 heat

loss experienced by the lake provided only 36% of the

heat loss required to cool the upper 10m of the water

column to 08C.
Thus, the particularly strong cold front in 2008 put

mean November air temperatures on the cold side of

a ‘‘threshold’’ that appears to form near 27 FDD (Fig. 7),

below which lower-than-normal ice cover fractions tend

to occur. This implies that by shaping the average and

TABLE 2. Monthly average daily evaporation rates and seasonal

and evaporation year totals. Summer is June–August. Winter is

defined as 1 November through to breakup. A blankmonthwas not

part of the evaporation year, and n/a denotes that data were un-

available; SE is cumulative evaporation.

Monthly mean

evaporation (mmday21) 2008/09 2009/10 2010/11 2011/12

April 0.6

May n/a 0.2 0.08 20.1

June 20.1 0.1 0.4 20.1

July 0.05 0.05 0.07 0.0

August 0.5 0.5 1.9 0.2

September 2.0 1.1 2.9 1.9

October 2.9 2.3 3.6 1.4

November 2.8 1.5 3.4 2.6

December 3.5 4.2 4.2 4.0

January 2.2 3.6 3.1 4.2

February 1.8 2.6 3.2 3.6

March 1.1 0.8 1.6 1.2

April 0.4 0.8 20.2 0.1

May 0.2 20.7

Seasonal and annual values

Summer SE (mm) 15 21 70 5

Winter SE (mm) 354 395 467 471

Evaporation

year SE (mm)

520 525 749 574

Length of evaporation

year (days)

358 337 393 331

Evaporation year daily

average (mmday21)

1.5 1.6 1.9 1.7

FIG. 4. Cumulative evaporation for each evaporation year for the period of study.
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distribution of air temperatures, single synoptic-scale

events can generate disproportionately large heat loss

and strongly influence whether or not the lake cools

enough to form expansive ice cover. As the discussion

above implies, this may influence evaporation rates for

several subsequent months. There are a few instances

when a colder-than-normal November was followed by

anomalously low ice cover later that winter (Fig. 7), but

the general pattern shows that most of the low-ice win-

ters are preceded by warmer-than-normal Novembers.

Furthermore, the relationship in Fig. 7 is statistically

significant at the 95% level (r2 5 0.32; Table 3).

November is not the month with the strongest re-

lationship between FDD and FImean. January and

February exhibit even stronger relationships with ice

extent with r2 of 0.35 and 0.40, respectively (Table 3).

However, given the comparable regression values across

the three months and far fewer freezing degree-days in

November (Fig. 6), it could be argued that the ‘‘effi-

ciency’’ of a freezing degree-day in November in leading

to high ice cover is greater than that in January or Feb-

ruary. It is interesting to note that while FDD in other

FIG. 5. Difference in surface radiative heat flux during February 2010 and 2011 (ice absent from

footprint) as compared to February 2009 (ice present in footprint).

FIG. 6. (left) November FDD and (right) March thawing degree-days for the period of study. The inset is the accumulated FDD for the

period of study, to put into the context November conditions relative to the rest of the winter.
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winter months have no significant linear trend over time,

a decreasing trend in November to below the 27 FDD

threshold is clearly evident (Fig. 8). This warming trend is

also evident in themean andmaximumLake Superior ice

concentrations (Fig. 8), both of which show a shift in re-

gime around 1998 to lower values. This suggests that the

observed trends toward less ice cover on Lake Superior

(Wang et al. 2012) are strongly related to changes in at-

mospheric conditions during November.

Similar to autumn, climatic conditions during the

spring shoulder season can also play an important role in

subsequent Lake Superior water temperatures and

evaporation rates. For example, the advection of warm

air over Lake Superior in March 2010 resulted in a very

different distribution of March thawing degree-days

than in the other study years (Fig. 6). There may be

a similar threshold in March thawing degree-days or

average air temperatures that is indicative of the ice-free

date and, in turn, surface water temperatures at the

beginning of the summer. The results shown in Table 1

suggest that this threshold may be at (or just below) the

freezingmark, but the wide disparity between theMarch

T32 in 2010 and the other study years prevents a de-

finitive identification of this value, if it even exists.

Clearly, a longer-term study of March temperatures and

Lake Superior ice-off dates is required to answer this

question. It would appear, however, that if T0 is above

;78C on 1 June at offshore locations such as around

Stannard Rock, then Lake Superior is likely to be warm

enough to allow for earlier and enhanced latent heat

fluxes during the summer period (Table 1). The 2010/11

evaporation year is a good example of how much this

scenario can lead to a significant enhancement of total

evaporative water loss.

b. The role of ice

Taking into account the range of uncertainty in the

evaporation measurements (10%–20%), it is notable

that for two of the study years—onewith highFImax (2008/

09; 95%) and the other with low FImax (2009/10; 0%)—

cumulative winter and annual evaporation were essen-

tially indistinguishable (Tables 1 and 2). This is primarily

because the high heat storage losses in November that are

required to form extensive ice cover are also accompanied

by very high evaporation losses. These are then partially

offset by lower evaporation rates once ice cover forms, but

only after the ice-covered fraction within the footprint

exceeds 0.5, which typically does not occur until mid-

March. March evaporation rates in all of the four years

were generally low, as air temperature is increasing at this

time of year and gradients change sign from positive to

FIG. 7. (left) November FDD from the NOAA NDBC STDM4 period of record (1984–2012) vs seasonally av-

eraged fraction of ice cover across Lake Superior, as measured by the Canadian Ice Service. The horizontal dashed

line at 0.17 represents the mean value of FImean and the vertical line descends to a threshold of 27 November FDD

above which higher-than-average ice cover tends to form. (right) Detrended anomalies of the same November FDD

and seasonally averaged fraction of ice cover values.

TABLE 3. Explanation of variance (i.e., r2 value) between FDD

in winter months and time, FImax, and FImean. Detrended anomalies

of FImax and FImean were analyzed to remove any influence of cross

correlation with time. Significant relationships (at the 95% level)

are in bold.

Month r2 vs year r2 vs FImax r2 vs FImean

November 0.18 0.25 0.32
December 0.02 0.18 0.15

January 0.004 0.25 0.35

February 0.07 0.35 0.4

March 0.13 0.16 0.22
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negative (Figs. 2, 3; Table 2). Furthermore, March evap-

oration rates were actually higher during the heavy-ice

year of 2008/09 than the low-ice year of 2009/10 because of

anomalously warm conditions and weak vapor pressure

gradients. Because extensive ice cover comes so late in the

evaporation season, the window of opportunity to sup-

press total evaporation during heavy-ice years is too short

to more than offset the enhanced evaporation from the

preceding fall and early winter. That said, the effects of ice

can be delayed until the next evaporation year, as oc-

curred in 2010/11, when early ice breakup and warm

summer water temperatures led to an early start to the

evaporation season. This pattern is consistent with the

results of Blanken et al. (2011), who defined ‘‘annual’’ as

the water year (1 October to 30 September). Blanken

et al. (2011) presented data that showed a 28% lower total

evaporation in the high-ice 2008/09 water year (464mm)

versus the low-ice 2009/10 water year (645mm), which

partially overlap the 2009/10 (525mm) and 2010/11

(749mm) ‘‘evaporation years’’ defined here using the ice-

free date. Therefore, it is an important conclusion that

a high fractional ice cover does not necessarily immedi-

ately translate into low winter evaporation totals during

the same winter. Rather, the more profound impacts of

ice cover reduction can be delayed for several months

into the subsequent evaporation season. Furthermore,

the definition of ‘‘year’’ or ‘‘annual’’ varies in the litera-

ture according to calendar, water, or evaporation years,

indicating that careful consideration is needed when

evaluating and comparing the results from different

studies.

On large northern lakes, it is not just the maximum ice

cover extent that is important, but also the duration and

timing of ice cover (Blanken et al. 2000). An earlier

breakup and subsequent lack of ice in April and early

May leads to higher water surface temperatures in sum-

mer, since energy during this period of increasing incident

solar radiation input can be directed toward heating the

water, rather than melting ice or being reflected. This is

followed by a subsequent earlier start to the next evap-

oration season and enhanced summer evaporation, which

is typified by the summer of 2010. The summer of 2011, on

the other hand, was characterized by low water temper-

atures and suppressed evaporation rates because of cool

atmospheric conditions. This delay in the beginning of the

evaporation year occurred despite low ice extents during

winter 2010/11 that were very similar to 2009/10. In fact,

the last three winters in this study all experienced very

low values of FImax andFImean (;10%–30% and 3%–9%,

respectively, lakewide; 0% within the footprint), yet they

also exhibited very different winter, summer, and annual

evaporation losses. Furthermore, these evaporation to-

tals were sometimes even indistinguishable from the one

year with high FImax (2008/09). Thus, low ice extent does

not necessarily result in enhanced evaporation that win-

ter, or even higher yearly totals. Rather, it requires a

combination of low ice extent, higher March air temper-

atures, and an early ice breakup to lead to an early start to

the summer evaporation season and, subsequently, high

annual evaporation totals (such as in 2010/11; Tables 1

and 2). This is not the sole condition for enhanced evap-

oration, and there are feedbacks between sensible heat

transfer, air temperatures, vapor pressure gradients, and

evaporation that could be better defined. However, this

documented pattern aligns with previous long-term

studies that show that as the climate has warmed, the at-

tendant increases in Lake Superior evaporation have

been most evident in the summer months rather than

winter (Lenters 2004; Hanrahan et al. 2010). It is also

consistent with the findings of Austin and Colman (2007),

FIG. 8. (top) Lake Superior FImax and FImean for the period of

record from the Canadian Ice Service (1986–2012) and (bottom)

November FDD for the period of record from NOAA NDBC

STDM4 (1984–2012) vs time. The best fit line between FDD and

time is shown, as is a horizontal line denoting the 26November FDD

threshold between above-average and below-average seasonally

averaged ice fraction, the intersection of which occurs in 1998.
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while at the same time suggesting that it is not just de-

clining ice cover extent onLake Superior that is important

to increasing summer water temperatures, but also the

timing of breakup.

c. Short- and long-term prediction

Society has little direct control over severe lake level

decline caused by high evaporation, but rather can only

adapt to and mitigate such changes. Accurate hydro-

meteorological prediction is of paramount importance

for making sound water resource management decisions

in this context. Current 6-month forecasts of Great

Lakes water levels are probabilistic and therefore use

previous records. However, it is becoming abundantly

clear that the Laurentian Great Lakes climate is not sta-

tionary (Austin and Colman 2007; Stow et al. 2008). This

has led some to apply more physically based numerical

prediction models for short-term forecasts (Gronewold

et al. 2011), as well as large-scale climate models to long-

term prediction (Angel and Kunkel 2010), although the

merits of methodologies in the latter have been ques-

tioned by others (Kundzewicz and Stakhiv 2010). The

high degree of persistence with which air temperatures

influence the Lake Superior evaporation regime is epit-

omized by the impact of individual synoptic systems in

November 2008 and March 2010. Furthermore, these

systems are not driven by local conditions over Lake Su-

perior, but by large-scale regional atmospheric flow. If the

aforementioned models are to be used effectively for

water resource supply prediction, they need to demon-

strate an ability to accurately represent the strong cou-

pling between synoptic-scale atmospheric flow, Lake

Superior ice, temperature, and interannual variations in

evaporation and overall evaporation regimes. This in-

cludes encapsulating the effects that single, synoptic-

scale events can have on lake thermal conditions that

further influence evaporation for several months, if not

a full year.

5. Concluding remarks

During this particular 4-yr study period, ice cover

extent was not found to be a simple predictor of Lake

Superior evaporation. There is a slight tendency for less ice

coverage to be associated with enhanced winter evapora-

tion rates, but the connection with annual evaporation

totals is much more complex and often contrary to what

might be expected. This results from the fact that a low-ice

winter generally requires reduced surface heat fluxes dur-

ing the preceding autumn (i.e., low evaporation rates). On

the other hand, a low-ice scenario combined with an early

breakup permits more energy to be absorbed by the lake,

which will lead to a longer and enhanced evaporation

season the subsequent summer and autumn. Thus, the

interaction between Lake Superior evaporation and ice

cover is, to a large degree, compensatory, once the full

seasonal cycle is taken into account.

The annual evaporation regime of Lake Superior is

found to be strongly dependent on synoptic events

during the spring and autumn, typified by conditions in

November andMarch. The physical processes important

to Lake Superior evaporation patterns include absorp-

tion of solar radiation in the spring and turbulent

flux processes in the autumn. Specifically, conditions in

November exert a strong control on whether the lake

loses enough heat to enhance evaporation early in winter

and form an extensive ice cover. Higher or lower air

temperatures in November weaken or strengthen tem-

perature and humidity gradients, suppressing or enhanc-

ing latent heat fluxes and lake heat storage losses,

respectively. Synoptic-scale events of only 4–7 days in

length during November are capable of bringing in

enough cold air over the lake to increase freezing degree-

days above thresholds that significantly contribute to

widespread ice cover. Conversely, if these events do not

occur, there is a higher likelihood of the absence of ice

across the lake. Either situation profoundly shapes ante-

cedent lake thermal conditions that then dictate evapo-

ration for several subsequentmonths.Air temperatures in

March influence the timing of ice breakup, which in turn

dictates the amount of energy absorbed by the lake, sur-

face water temperatures the following summer, and cor-

responding evaporation rates.

The results presented in this 4-yr, enhanced observa-

tion campaign imply that air temperature at key times of

the year (i.e., November and March) is a major factor

that defines the Lake Superior evaporation regime and

interannual variability via ice cover and lake heat bud-

get processes. An increasing trend in November air

temperatures has led to reductions in ice cover on Lake

Superior, with impacts on the evaporation regime. The

area around StannardRock is admittedly a small portion

of the lake, but measurements there have proven to be

representative of lakewide response, and the period

studied here includes the range of ice conditions that can

occur at Stannard Rock and across the lake. To conclu-

sively clarify the interactions among ice cover, water

temperature, and evaporation and show the effect on the

regime of the entire lake, analysis of long-term, spatially

distributed model output is needed. In doing so, it is es-

sential that regional climate and numerical weather pre-

dictionmodels properly represent synoptic-scale processes

that influence long-term evaporation regimes through lake

heat storage–ice–evaporation feedbacks. Sound models

are becoming increasingly important as water resource

specialists advocate for adaptive management of Lake
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Superior water levels. Adaptive management is easier

when tools can predict lake levels across a range of time

scales and properly identify the cause of water level trends

with a minimum of uncertainty. Demonstrating a robust

ability to capture the mechanisms by which short events

can create conditions with long-term persistent effects

would reduce uncertainty and provide confidence that

these models can act the foundation for providing data

and information crucial for adaptive management.
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