30
in the values recorded over Emaiksoun Lake, as the buoy was often under turbulent
conditions. The QCRAD1LONG datastream reports measurements collected by a
Precision Spectral Pyranometer (Eppley Model V1 ventilator) and a Precision Infrared
Radiometer. Data are 1-minute resolution and have been processed through ARM’s

quality control procedures (for more information: http://www.arm.gov/data/vaps/gcrad).

We averaged the data to hourly, disregarding hours that had less than seventy-five
percent of its one-minute values. Missing hours of incoming shortwave were filled with
radiation data from our met station and missing incoming longwave was filled by simple
linear interpolation.

Albedo data — Hourly outgoing (i.e., upwelling) shortwave radiation data
collected over the lake was divided by incoming shortwave radiation data from the ARM
Program (described in the previous paragraph) to estimate hourly shortwave albedo.
Hourly outgoing shortwave radiation data collected over the lake was also divided by
incoming shortwave radiation data collected over the lake to provide another estimate of
hourly shortwave albedo. These albedo estimates, determined using radiation data from
the instrumented buoy and from the ARM Program, were available for 22 days or 528
hours immediately after the buoy was deployed on July 6, 2008. These datasets were then
compared and a daily constant shortwave albedo of 8.2% was determined.

Water temperature data - Water temperature datasets were developed by utilizing
data from HOBO thermistors suspended on three anchored strings (two from the base of
the buoy and one independent float), an Apogee infrared radiometer (precision of 0.2 °C)

on the buoy that points down at the water to radiometrically derive the temperature of the
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ice-free period. Daily estimates of heat flux into (positive sign convention) Emaiksoun
Lake’s sediments reached a maximum of about 28 W m™ within a few days of ice-off in

2008 and 2009, while 2010 did not warm considerably until 16 days after ice-off.

Estimated: 2009
Estimated: 2008
Polynomial fit

2008: Modeled
o 2008: Observed
2009: Modeled
o 2009: Observed

Figure 8. Top timeseries displays a polynomial fit to estimated depths to permafrost for
part of summers 2008 and 2009, which was employed to estimate the heat storage rate of

the sediments. Active layer thicknesses between 30 and 70 cm were observed. Bottom
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timeseries shows the modeled and observed sediment heat storage rates. During summer,
the underlying permafrost is thawing (values > 0 in bottom plot), i.e., the lake is
continuously heating the sediments.

The heat storage rate in the water column is calculated as

Sw = AS/At = py:Cow' (A[T]/At) 2, (6)
where pw (Cow) is the density (specific heat) of water, A[T] is the temporal change in
volume-weighted, vertically-averaged water temperature, z is the mean depth of the lake,
and At is a change in time long enough to resolve robust changes in lake temperature
(usually 1-2 weeks). Emaiksoun Lake is shallow and well-mixed (i.e., isothermal)
throughout the summer due to persistent (and generally strong) northeasterly winds. Thus
[T] does not need to be volume-weighted according to lake stratification and
morphometry and can simply be calculated as the arithmetic mean of the lake
temperature at depth. (In fact, even one, single thermistor could be used because of the
intense vertical mixing, but averaging across multiple depths helps to reduce
measurement noise.) Constants used in Eq. 6 are z = 1.89 m (from K. Hinkel, personal
communication), py = 1000 kg/m®, and ¢,y = 4200 J/kg-K.

Fig. 9 displays five-day running means of Sy, S, and Rn. The pattern of S, and S;
are similar although S; lags behind S, slightly because the sediments do not immediately
respond to a change in heat content of the lake and the S curve is smoother because the
underlying permafrost temperature is always zero for the calculation of S in this study.
The magnitudes of the heat storage terms are significantly different with S,, >> S,

therefore, summing these heat storage rates results in a curve similar to that of S,,. Also,
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as seen in Fig. 8, the rate of sediment warming is greatest during the first half of the
summer. Net radiation is included in Fig. 9 to illustrate that the seasonal decline in S,
follows that of Rn, however, the Sy, term is more variable than Rn because of the

influence of the turbulent fluxes, LE and H (discussed later).
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Figure 9. Summertime fluxes of net radiation (Rn) and heat storage rates of the lake (Sy)
and underlying sediments (Ss) are presented as five-day running means. The response of
the sediments to a change in water temperature lags by a few days, and changes in both

net radiation and air temperature are reflected in the lake’s heat storage term.
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2.3.2 Mass-transfer method

The mass transfer technique of calculating LE and H was compared to the more
accurate BREB method for a daily timescale. Fig. 10 shows a scatterplot of BREB LE
versus U(es-e,) and BREB H versus U(Ts-T,). The methods agree quite well, having an
R? value of 0.9 for both LE and H. Mass transfer estimates of the turbulent fluxes are
determined by multiplying the product of wind speed and vertical gradient by a specific
coefficient. A separate coefficient is necessary for LE and for H, and is developed here
by regressing mass transfer estimates (without the coefficient) with BREB estimates (Fig.
10). Slope of the line is the respective coefficient and to conclude the best value outliers
were removed and the line was fit through zero. Fig. 10 shows that Emaiksoun Lake’s
mass transfer coefficients to calculate LE and H for the ice-free period are 35.293 W.m’
%.s.kPa™ and 2.3030 W-m>.s.°C™, respectively. These coefficients incorporate
characteristics of the lake such as area and depth, and position of the lake (e.g., latitude).
These factors influence the magnitudes of the turbulent fluxes because, for example, the
influence of advection on a lake’s climate depends on lake size. And net radiation, which
contributes much of the energy for the physical processes that occur depends on location
and season.

Outliers were determined by applying the criteria that any energy balance result
having an absolute anomaly greater than 30 W m is considered an inaccurate
calculation. Linear regression equations that were not fit through zero (not shown) were
utilized to determine “normal” LE and H values and were the basis for deeming BREB

estimated values to be too anomalous. Applying this criterion resulted in eleven outlier
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days for LE and nine for H. This method served as a simple way to quality control BREB
LE and H estimates and mass transfer estimates of LE and H were employed on these
days. Consequently, on these days the S,, term was quantified as the residual of the

energy balance equation rather than being calculated.
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Figure 10. Top and bottom plots show the relationship between mass-transfer and Bowen
ratio — energy balance methods of estimating latent (LE) and sensible (H) heat fluxes.
The flux calculations agree very well (high R? values). Slope of the line indicates the
coefficient for calculating LE or H for Emaiksoun Lake using the mass-transfer
technique. Data shown are daily, outliers have been omitted (see text in Sec. 2.3.2), and
the entire ice-free period for 2008 and 2009 is included, and through August 26 during
summer 2010 (the date through which all observational data are available).

Emaiksoun Lake’s LE and H coefficients are likely applicable to similar lakes in
the Barrow area. Only wind speed, relative humidity, and vertical temperature gradient
data from over other lakes are then needed to calculate mass transfer method estimates of
lake evaporation. Considering the high density of thaw lakes in areas of the circum-
Arctic, it is useful to develop mass transfer coefficients when the required data is
available such as in this study. Methodologically speaking, in this study these coefficients
were also desired for employment in a simple mixed-layer energy balance model that was
developed to estimate water temperature during summer.

2.3.3 Mixed-layer energy balance model

Emaiksoun Lake and numerous similar lakes on the ACP are relatively simple to
model in summertime because they are well-mixed and shallow. Recall from the data
sources section (2.2) that observational data are currently not available from our land-
based Met station or data buoy for the last month of summer 2010’s ice-free period.
However, the ARM data site collects, in addition to precision radiation measurements,

the meteorological variables (e.g., air temperature, relative humidity, wind speed). By
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utilizing these data (ARM’s incoming shortwave and longwave radiation and
meteorological variables) and results from this study (e.g., mass-transfer coefficients for
LE and H), a simple mixed-layer model was developed to estimate water temperature and
the energy balance on a daily timescale. The model is driven with the aforementioned
climate data. Model parameters and boundary conditions include an initial water
temperature, mass-transfer LE and H coefficients, lake depth and albedo, and sediment
thickness. Water temperature is estimated by arranging the model to solve for A[T] in the
Sw (see EQ.6) term of the energy balance equation, and then that yielded daily change in
water temperature is added to the initial water temperature, to get the next day’s water
temperature. The model then utilizes its estimate of water temperature to complete the
energy balance calculations; this includes mass-transfer method estimates of LE and H,
heat storage rate of the lake’s water (Sy) and underlying sediments (Ss), and longwave
(LW) radiation emitted from the lake surface to complete the calculation of net radiation
(Rn). Please see the methodology section for the energy balance equations that require
water temperature (Ts).

Fig. 11 shows the observed (dotted lines called “Obs.””) and modeled (solid lines
called “Mod.”) water temperatures and notes where observations ended. After this date,
the modeled water temperature dataset was utilized in this BREB study. The model
performed very well compared to the observations. There is one period around August
16, 2008 that the model and observations clearly do not agree. This is, in fact, a period of
potentially unreliable data in the observed dataset due to gap filling via temperature

proxies and linear interpolation. However, a strong agreement between the datasets is
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evident in Fig. 12, a scatterplot of observed versus modeled water temperature that has a
high R? 0of 0.985 and a reasonable RMSE of 0.396 °C. The “questionable” period of
observed water temperatures during mid-August in 2008 are visible in the scatterplot as a
cluster of around 5 — 8 data points above the fit-line. The scatterplot is of only the ice-free
days, which extends up until Aug. 29 for year 2010. Emaiksoun Lake probably developed
a layer of ice on Sep. 26 in 2010, when the water temperature reached freezing (Fig. 11),
which was previously unknown. This is a useful result from the model, and was used as

the ending date for 2010’s ice-free period.
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Figure 11. Daily average observed (dotted lines) and modeled (solid lines) water
temperatures for the ice-free periods from 2008 — 10. A simple 1-D mixed layer model,
requiring climatic inputs, lake characteristics (e.g. depth, albedo, mass-transfer

coefficients), and an initial water temperature, was employed to estimate the lake’s water



71
of 20 ms™ on July 30 and there were a couple days of below freezing air temperatures.
This storm resulted in the highest daily E rate of all three summers (5.6 mm d™* on July
29). Although, this daily maximum LE on July 29, 2008 is smoothed out in Fig. 22
because LE was quite variable during the days surrounding July 29; E rates ranged from
0.99 to 5.6 mm day™ from July 27 — 31. Summer of 2008 also had the lowest daily RH
value (69% on Aug. 23) due to a strong southerly wind, but in Fig. 17 it is reflected, like
the LE timeseries in Fig. 22, that 2009 experienced the lowest RH over the three
summers when the values are averaged across five days. It is interesting that 2008 may
have lacked “pulses” of LE and H compared to the other summers, with the exception of
the late July storm, but experienced the highest LE and lowest RH (but not on the same
day) out of the three summers studied.

An extended period of high LE in 2009, which occurred immediately after ice-off
lent to this year having the greatest five-day running mean fluxes of LE out of all three
summers studied. They were higher than 2008’s first episode of LE because wind speeds
were higher and RH was lower (e.g. < 80% on July 13-14). Emaiksoun Lake’s “warm-
up” period after ice-off in 2009 was quick and then the lake began to rapidly evaporate
and sensibly heat the overlying air. On July 14 Ae was 0.08 kPa and the next day, July 15,
Ae had changed to 0.50 kPa — a change in Ae of 0.4 kPa over the course of one day. Over
the same period, AT changed by 7 °C (AT went from -3.25 °C to 3.84 °C). The lake had
eight consecutive days with daily E rates between 2.6 and 5.1 mm d™*, four of which

sustained 4.0 mm day™. These turbulent fluxes were the highest for 2009’s ice-free
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period. Although this year did experience another significant “pulse” of LE and H
following the initial fluxes immediately after ice-off.

Negative LE, or condensation, on the lake and sensible warming (T, > Ts) was
strong in 2009 upon ice-off and is noticeable as LE < 0 and H < 0 on the timeseries in
Fig. 22. Two other condensation events, in 2010, were strong enough to show up in the
five-day running means of LE and H. Condensational and sensible heating of the lake
after ice-off each summer did occur though, and is apparent as negative values of LE and
H in the daily energy balance histogram (Fig. 20). Condensation is represented in Fig. 21
as negative E.

In section 2.4.3 it was discussed that the summer of 2009 exhibited high
meteorological variability. When comparing the three ice-free periods shown in Fig. 22,
changes in the turbulent fluxes in 2009, especially in H, are sharper than in the other
years and are often followed with a brief period of sensible warming (H < 0) of the lake.
These H fluctuations are in response to rapid changes in air temperature (see Fig. 16).
Throughout all of the 2009 ice-free period, air temperature would quickly increase to
effectively eliminate a positive AT between the lake and air for a short time. Then, once
Tw fully responded (i.e., the lake warmed) the air temperature quickly decreased and a
very strong AT ensued causing a sharp change from negative H to very positive H. For
nearly the entire ice-free period in 2009 the overlying air temperature went up and down,
and the lake responded with strong drops in H and then “pulses” in H once the lake
warmed. The response shown in LE to a greater air temperature is to immediately

enhance, however, evaporation is energy-limited while the lake is consuming much of the
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available energy for warming. Once AT is reestablished the evaporation rate increases
again, with the strong flux of sensible heat. The immediate response of the lake via LE
results from RH fluctuating with the changes in T, (e.g., RH decreases when T, increases,
and then LE increases). During the week of Aug. 18 — 23 in 2009 the lake experienced
high LE compared to H because of a strong southerly wind bringing warm, dry air to the
coast.

In 2010 the lake had to overcome cooler initial water temperatures (than in 08
and ’09) and a rapidly increasing T, before it could establish a decent AT for H. This took
nearly two weeks (see Fig. 16) and, during which, RH lowered as quick as air
temperature rose. Then, the lake’s LE remained >> H for almost two weeks. Shortly after
this, at the beginning of the second week in August, a cold front passed through, during
which the lake was pretty warm. Air temperature quickly dropped and winds increased as
the front passed. In Fig. 22 this event is seen as a maximum in both LE and H and a
minimum in S for 2010. There is a dip in Rn that is likely due to cloud cover associated
with the front, and much of the energy used during this “pulse” of LE and H was
provided by the lake (S term). This is usually the situation when the weather rapidly
changes; a sharp dip in S is also clear during the 2008 storm in late — July.

Each ice-free period exhibited a final “pulse” of LE and H right before ice-on,
which occurred as net radiation went to zero. The fluxes are largest in 2010 because a
storm off the coast of Barrow sent high winds over the ACP and RH was dropping over

an extended period of time (Emaiksoun Lake data; see Fig. 17). On Sep. 25 the daily
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average wind speed near the lake was 9.2 ms™ and the low pressure system had

deepened to 990 mb [NCDC, 2010].
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Figure 22. The ice-free periods in 2008, 2009, and 2010 for Emaiksoun Lake were July
7-Sep. 30 (86 days), July 10-Sep. 23 (76 days), and July 14-Sep. 26 (75 days),
respectively. The timeseries above show five-day running mean energy balance
components for each year’s ice-free period. The short-term (~weekly) variability in the

energy balance is associated with changes in meteorological conditions (e.g., wind



75
events, cold fronts). Rn decreases throughout the summer as the sun angle decreases and
around mid-Aug. the daily variability in Rn lessens.

Lake evaporation that occurred from immediately after ice-off in July until freeze-
over in September was summed for each year to yield the total E for the ice-free periods.
These totals, along with total E for a common “summer” period (July 14 — Sep. 23) are
presented in Table 2. Using the 72-day common period excluded fourteen ice-free days of
measurements in 2008, while four and three days were excluded in 2009 and 2010,
respectively. Comparison of the three “summer” periods shows a 24 percent higher
evaporation rate during 2009, as compared to 2008 and 2010 (due primarily to stronger
winds and lower relative humidity). However, a 14 percent longer ice-free season in 2008
resulted in about 10 cm of total summer evaporation, which is nearly identical to that for
2009. Despite warm water temperatures in 2010, a late ice-off and warm, humid air led to
16 percent lower total evaporation (~8.3 cm) than in 2008 and 2009.

The common period is bound by 2010’s ice-off date and 2009’s ice-on date.
Cumulative evaporation in 2009 is greater for the shorter common “summer” because the
first few days of condensation on the lake after ice-off was not included. In 2010,
Emaiksoun Lake was evaporating at above-average rates during the last few days of its
ice-free period and this was not captured in the “summer” E totals, resulting in roughly

five millimeters less evaporation included in the year’s comparative “summer.”
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Total evaporation (cumulative)

Total E (mm) for common "summer" |Total E for ice-free period (mm)
year period: Jul 14 - Sep 23 (72 days) period
2008 83.4 Jul 7 - Sep 30 (86 days)| 99.9
2009 100.3 Jul 10 - Sep 23 (76 days)| 98.5
2010 78.3 Jul 14 - Sep 26 (75 days)| 83.0

Table 2. Total evaporation rates for a common “summer” period (July 14 — Sep. 23) and
for the duration of each year’s ice-free period. Cumulative evaporation for the ice-free
period is comparable in 2008 and 2009, owing to the influence of ice duration, wind
speed, and humidity.
2.4.6 Seasonal energy balance

Fig. 23 displays a three-year mean energy balance for the common “summer.”
The length of this season averaged about two and a half months of the year, which was
roughly early July through late September. Fig. 23 is a great representation of the average
values of the energy balance components for the three years studied, which are 64.8,
34.5,26.2, 12.0, and -8.0 W m™ for Rn, LE, H, S, and Sy, respectively. Total S (Sw + Ss)
is 4.1 W m?and is a slightly positive value because of the transfer of heat from the water
to underlying sediments. Seasonally, LE and H consume 53.3 and 40.4 percent of Rn,
respectively, while only 6.3 percent of Rn is used to heat the lake and underlying
sediments. Available energy (Rn - Sy,) for LE, H, and Ss over the season averages 72.8 W
m. An average of 16.5 percent of available energy was utilized to warm sediments

beneath the lake.
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Mean energy balance (2008-10)

70

Heat flux (W/m?2)

Rn LE H Ss Sw
Figure 23. Mean summertime energy balance (July 14 — Sept. 23) for the three-year
study period. Total lake heat storage (Ss + Sw) is small, indicating that most of the energy
from net radiation goes into latent (~53%) and sensible (~40%) heat flux.

The seasonal mean B ratio taken simply as the ratio of H to LE (from the values
shown in Fig. 23) or calculated using the seasonal mean U(AT) and U(Ae) yields the
same value of 0.76. This is lower than both the average daily B over all ice-free days for
the three years (n = 237 days; see Fig. 20), which is 0.82, and the average daily B over
the common “summer” period for the three years (n = 216), which is 0.80. Overall, LE is
greater than H over the three ice-free periods studied and the common “summer” period
analysis for the three years.

The low value for S, in Fig. 23 was expected because the change in water
temperature from when this common “summer” begins and ends should be near zero due
to this period being roughly bound by when the lake loses its ice in July and then freezes
over in September (i.e., water temperature is near 0 °C at ice —off and —on thus AT is near

0). The Sy in Fig. 23 is not exactly zero though because it is a three-year average of the
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common “summer” and the lake did not lose and gain its ice on exactly the same dates
each year.

2.4.7 Interannual energy balance variability

A seasonal average was computed for the common “summer” period for the
meteorological variables (T,, RH, wind speed), energy balance components (Rn, Sy, S,
LE, H), Bowen ratio, water temperature, and lake E rate. These averages, 3-year
“summer” averages, and seasonal anomalies, based off the 3-year average of that
variable, are displayed in Table 3. When comparing these averages we must keep in mind
how the common time period compares to the ice-off and —on dates for a given year. For
example, we expect the seasonal magnitude of S,, to be close to zero each summer as
previously discussed. However, the S,, values shown in Table 3 for 2008 and 2009 are
negatively skewed. This is because the days of rapid lake warming following ice-off were
not captured in the common “summer” for these years. While in 2010, the “summer” S,
is closer to zero and positive because the common period includes the days immediately
after ice-off for this year and leaves out three days of lake cooling leading up to ice-on in
September.

Seasonal anomalies for the meteorological variables in Table 3 (T, Tw, RH, U)
show that 2008 and 2010 were generally the anomalously low and high years,
respectively. Air temperature, water temperature, and net radiation all increased from one
“summer” to the next. RH and wind speed was lower and higher, respectively, than the 3-
year mean in 2009. Consequently, the average LE and E rate was highest this year having

values of 39.7 W m?2 and 1.39 mm d™, respectfully. This E rate is 23 percent higher than
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the 3-year average of 1.2 mmd™. In 2010 the E rate and turbulent fluxes were lowest. In
2008, H was 14 percent higher than the other summers, as a result of a 41 percent higher
AT. The strong average AT and relatively high RH resulted in a 23percent higher Bowen
ratio in 2008. Looking back at Fig. 22 it can be seen that 2009 and 2010 consistently
exhibited a greater LE than H, whereas 2008 had multiple occasions of very close H and
LE values. Also, on a five-day running mean timescale, H was never negative in 2008.

Both Sy and S appear to be anomalously low in 2008, however, these marked
differences between years in Table 3 is a result of the common averaging period. This is
especially true for 2008 because its ice-free period was around ten days longer than the
other years; therefore, ten days of 2008’s ice-free period is not captured in the timeframe
of the common period. The entire first week of sediment warming in 2008 is not captured
in Table 3, and it is during this time that sediments beneath the lake warm most rapidly
(see Fig. 9). Aside from the influence of the averaging period, quantities presented in
Table 3 were useful to evaluate the differences and similarities in the meteorological

variables, energy balance results and evaporation rates from one year to the next.



Mean summer conditions (July 14 — Sept. 23)

Summer Seasonal means Seasonal anomalies
(July 14 - September 23) 2008 2009 2010 ER'CEIEGCEEL] 2008 2009 2010

Air Temperature, Ta (°C)| 2.7 4.5 6.1 45 -1.7 0.0 1.7

Water Temperature, Ts (°C)| 5.8 6.9 8.0 6.9 -1.1 0.0 1.1

Relative Humidity, RH (%)| 94.3 91.5 94.5 93.4 0.9 -1.9 1.1

Wind Speed, U (m/s)| 4.0 4.7 45 4.4 0.4 | 03 0.1

Net Radiation, Rn {mez} 60.3 65.5 68.6 64.8 -4.5 0.7 3.8

Heat Storage Rate (water), Sw (W/m?)| -11.4 | -14.3 1.8 -8.0 -3.4 -6.3 9.8
Heat Storage Rate (sediments), Ss (W/m?)| 10.2 | 12.2 13.7 12.0 -1.8 0.2 1.7
Latent Heat Flux, LE (W/m?)| 33.0 | 39.7 | 31.0 34.5 -15 | 52 | -35

Sensible Heat Flux, H (W/m?)| 28.5 | 27.9 | 22.1 26.2 23 | 1.7 | -41

Bowen Ratio, H/LE | 0.87 0.70 0.72 0.76 0.1 -0.1 0.0

Evaporation rate, E (mm/day)| 1.16 | 1.39 1.09 1.20 -0.04 | 0.19 | -0.11

Table 3. Summer means, 3-year averages, and seasonal anomalies of the meteorological variables (shaded orange), energy balance
components (shaded gray; also plotted in Fig. 17), and evaporation rate (shaded green) for Emaiksoun Lake. Means for a common

period (July 14 — Sept. 23) is presented in order to accurately compare years.

9L
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Summary

Emaiksoun Lake is a thermokarst lake that is located atop continuous permafrost
near the coast of Barrow, Alaska, with an area of 186-ha and mean depth of 1.9 m. A
three-year summertime study of the lake’s energy balance via the Bowen ratio — energy
balance method was achieved. An analysis of the energy balance was conducted on
interannual, seasonal, and weekly timescales, and evaporation rates were reported for the
ice-free periods and a common “summer” period that was determined. Additional results
included in this thesis are mass-transfer coefficients for LE and H, springtime ice
thickness and albedo of the lake surface in 2009, and water temperature and energy
balance data calculated using a mixed-layer model.

In situ data from this study suggests than an average ice-free duration for 2008-
2010 was 79 days. An average cumulative amount of evaporation during this ice-free
length is estimated to be 9.5 cm. This is based off the average evaporation rate that was
estimated to be 1.2 mm d™ in this study; this was estimated by averaging across a
common 72-day period that was referred to as “summer” in this study. The “summer”
season energy balance results are that available energy for LE, H, and S, averages 73 W
m2 and 17 percent of this energy goes into heating the underlying sediments while the
rest is utilized by the turbulent fluxes. Latent and sensible heat fluxes consume 53 and 40
percent of net radiation received at the surface, respectively. The seasonal mean Bowen
ratio is 0.76. Previous studies have already found that evaporation uses the majority of
available energy in the environment of shallow Arctic lakes [e.g., Bello and Smith, 1990;

Boudreau and Rouse, 1995] and that evaporation exceeds precipitation during above
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freezing months in arctic tundra environments [e.g., Mendez et al., 1998; Bowling et al.,
2003]. For this study, the average lake evaporation rate (1.2 mm d™) is nearly twice the
normal JAS precipitation rate of 0.7 mm d™ [Shulski and Wendler, 2007].

Each ice-free period experienced a storm, frontal passage, or high wind event that
resulted in significant heat loss from the lake that went into the turbulent fluxes. These
events are episodic and most pronounced throughout the first half of the summer. In late
summer the fluxes are less variable because solar radiation, temperature, and thus heat
storage rate of the lake, are decreasing (i.e., less available energy for LE and H). Years
2008 and 2009 experienced a quicker warm-up period after ice-off than in 2010, where
the period of lake warming was prolonged by a dramatic increase in air temperature.
Each summer exhibited a unique energy balance on a weekly timescale, driven by
changes in air temperature, relative humidity, and wind speed. Short-term similarities
between years are the warm-up period after ice-off and a small “pulse” of LE and H right
before the lake refroze. A decreasing trend in net radiation as summer progressed each
year is the only seasonal energy balance trend found. The duration of the ice-free period
each year was 86, 76, and 75 days for 2008, 2009, and 2010, respectively.

Comparison of the three “summer” periods showed a 24 percent higher
evaporation rate during 2009, which was enabled by dry air and strong winds, as
compared to 2008 and 2010. However, a 14 percent longer ice-free season in 2008
resulted in about 10 cm of total summer evaporation, which is nearly identical to that for
2009’s ice-free period. A late ice-off and warm, humid air led to 16 percent lower total

evaporation for 2010 than in 2008 and 2009, and the duration of the ice-free periods in
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2009 and 2010 only differed by one day. These results elude that total evaporation over
an ice-free period is controlled by ice duration, humidity, and wind speed. Wind direction
is also important. The normal wind direction in Barrow is ENE but shifts to southerly or
westerly increases evaporation because southerly winds bring dry air from inland and
westerly winds are usually strong and associated with storms.

Future works following this study are to analyze the hourly energy balance,
estimate lake evaporation using other methods such as Priestley-Taylor, and utilize the
mass-transfer coefficients from this study on similar lakes. Additionally, the mixed-layer
energy balance model can be employed to explore the influence of changing input
parameters on a thaw lake’s energy balance, evaporation rate, and duration of open water.
The model can be run for different climate change scenarios such as earlier ice-off dates

and warmer initial water temperatures.
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