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Lake-induced atmospheric circulations during BOREAS
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Abstract.

Lake-induced atmospheric circulations over three lakes ranging from 3 to 10

km width are analyzed using data from three aircraft during the 1994 Boreal Ecosystem-
Atmosphere Study (BOREAS). A well-defined divergent lake breeze circulation is
observed over all three lakes during the day. Under light wind conditions, the lake breeze
is not very sensitive to the water temperature, and the strength of the divergence over the
lake decreases with increasing lake size. The boundary-layer development over the
surrounding land can be very important for generating a horizontal pressure difference
which drives the lake breeze. Diurnal and seasonal variations of lake breezes are
investigated on the basis of repeated passes from the different aircraft at different
altitudes from late spring to early fall of 1994. The lake breeze divergence increases with
time during the day and reaches a maximum around 1300 LST. The latent heat flux over
10-km-wide Candle Lake increases steadily from spring to fall as the lake temperature
increases. The latent heat flux over the land reaches a maximum during the summer due
to evapotranspiration. The lake effect on area-averaged fluxes sometimes leads to a
negative heat transfer coefficient for an averaging scale of several times the lake width.

1. Introduction

Atmospheric boundary layer flow can be strongly influenced
by the spatially varying energy exchange between heteroge-
neous ground surfaces and overlying air. Lakes can lead to
particularly strong variations in surface heat flux.

The summer daytime air over a lake typically is cooler and
denser than the air overlying relatively warm adjacent land
surfaces. As a result, a horizontal pressure gradient is gener-
ated by the air density difference which forces onshore flow,
commonly called the lake breeze. Lake breeze studies have
been reported for Lake Erie [Biggs and Graves, 1962], Lake
Michigan [Lyons, 1972; Keen and Lyons, 1978], and Lake On-
tario [Estoque et al., 1976]. A commonly applied lake breeze
index, ¢ = V?/(c,AT), was introduced by Biggs and Graves
[1962]. Here V is a characteristic wind speed such as the hour-
ly-averaged speed between 1000 and 1600 LT, or the geostro-
phic wind from 1200 UT surface maps at an inland location, c,,
is the specific heat of dry air, and AT is the difference between
the maximum surface air temperature at the inland location
and the mean water temperature.

The lake breeze and its related thermal internal boundary
layer have also been studied with numerical models [Segal and
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Pielke, 1985; Arritt, 1987]. Arntt [1987] concluded that the exact
lake surface temperature does not critically influence the char-
acteristics of the lake breeze as long as the lake air tempera-
ture is cooler than the inland air temperature and that the lake
breeze is most sensitive to depth of the internal boundary layer
over the lake.

Rabin et al. [1990] and citations therein noted that lakes on
scales of 1-10 km could induce cloud-free areas in a region of
otherwise convective cloudiness associated with surface heat-
ing. They also noted that the minimum lake size required to
affect the cloud pattern is proportional to the wind speed; on
windier days, only the large lakes affect the cloud pattern. For
small lakes the large-scale flow may essentially eliminate the
horizontal gradient of air temperature due to rapid removal of
air immediately above the lake. Furthermore, lake breezes
associated with small lakes are more likely affected by back-
ground transient mesoscale circulations. Arritt et al. [1996] have
also found cloud suppression associated with the lake breeze.

As part of the 1994 Boreal Ecosystem-Atmosphere Study
(BOREAS), four aircraft flew over a region in Saskatchewan
and Manitoba, Canada, containing numerous lakes [Sellers et
al., 1995]. The extensive data collected by the aircraft offer
more detailed temporal and spatial observations of the flow
above lakes than previously available. We examine the gener-
ation of the lake breeze, the strength of such circulations as a
function of the large-scale flow and lake-land temperature
contrast, and contrasts in vertical fluxes over the lake and the
adjacent area.

The atmospheric data analyzed in this paper are from the
aircraft flying repeatedly along the same flight track (section
2). The general characteristics of meteorological variables over
the lake and the surrounding land are described in section 3. A
new scaling argument for predicting the strength of the lake-
induced atmospheric circulation is developed, and important
factors on the generation of the lake breeze are discussed in
section 4. Diurnal variation of the lake-induced atmospheric
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circulation is investigated in section 5. Seasonal variations of
the lake breeze are examined in section 6. The influence of the
lake on area-averaged fluxes is documented in section 7, and
results are summarized in section 8.

2. Data Description
2.1. General Information

This study focuses on Candle Lake in the BOREAS south-
ern study area (SSA), located 70 km northeast of Prince Al-
bert, Saskatchewan, Canada. Candle Lake, surrounded by
mixed canopies, is about 10 km across in the northeast-
southwest direction and about 20 km in the northwest-
southeast direction and is the largest lake in the SSA. In order
to study the lake breeze for different sizes of lakes the data
over White Gull Lake (5 km in diameter) and Halkett Lake (3
km in diameter) will be compared with those over Candle
Lake. All three lakes are on the same flight track used by all
aircraft (Figure 1). White Gull Lake is in a region of black
spruce and mixed vegetation about 12 km NE of Candle Lake,
and Halkett Lake is surrounded by aspen about 50 km SW of
Candle Lake.

Measurements from the NOAA LongEZ, Canadian NRC
Twin Otter [MacPherson, 1996], and NCAR Electra aircraft
were used. Both the Twin Otter and the LongEZ flew at about
30 m above the surface, and the Electra flew at altitudes rang-
ing from 100 m to 3 km above the surface. During the three
intensive field campaigns, there were 13, 120, and 66 low-level
legs over Candle Lake for the Twin Otter, LongEZ, and Elec-
tra, respectively, and 37 Electra flight legs higher than 100 m
and within the boundary layer. The data cover between 0900
LST and 1700 LST from late May to mid-September. Wind
components, air temperature, humidity, and CO, concentra-
tion are available at 25 s~ ! on the Electra, 16 s~ on the Twin
Otter, and 40 s~ ' on the LongEZ. In addition, the O, concen-
tration was recorded on the Electra and the Twin Otter.

In order to document the land-lake surface temperature
contrasts, track segments over land about the width of the lake
on both sides of the lake were selected. Fluxes over the lake
and over the adjacent land segments were calculated using

Schematic of Candle Lake flight track.

eddy correlation methods where the unweighted mean is com-
puted over a window size equal to the lake width.

2.2. Data Comparisons Between Aircraft

The Electra flew a Barnes Engineering Model PRT5 radi-
ometer during the first intensive field campaign (IFC-1) and
both the PRT5 and a Heimann radiometer during IFC-2 and
IFC-3. Surface radiation temperatures from the two radiome-
ters show very good agreement. During IFC-1 the PRT5 some-
times failed due to instrument overheating.

During the three field campaigns in 1994 the Twin Otter and
the Electra flew over Candle Lake on the same day on four
occasions and the LongEZ and the Electra on nine occasions.
In general, the Twin Otter and LongEZ Candle Lake radiation
temperatures are about 1°C lower than the Electra. On the
basis of the four intercomparison flights between the LongEZ
and the Twin Otter the air temperature and the water vapor
mixing ratio are, on the average, about 1.75°C and 1.2 g kg ™'
higher on the Twin Otter. The latent heat flux compares well
between the two, while the sensible heat flux appears to be 38
W m~? higher from the LongEZ than the Twin Otter [Kelly et
al., 1996; Dobosy et al., this issue]. No corrections to any of the
aircraft data are made in this study.

3. General Characteristics of Meteorological
Variables Around Candle Lake

Air temperature averaged over all the Candle Lake passes is
about 0.7°C warmer over the land than over the lake at the
30 m level and about 0.3°C warmer at the 100 m level (Figure
2 and Table 1). The variation of the air temperature over both
the land and the lake follows the variation of the ground
temperature (Figure 2). Because of the stably stratified flow
over the cool, smooth lake and the unstably stratified flow over
the warm, rough land surface, the fluctuations of wind compo-
nents, air temperature, humidity, and CO, and O, concentra-
tion are smaller over the lake than over the land (Table 3).
Sensible heat, latent heat, momentum, carbon dioxide, and
ozone fluxes averaged over all the Candle Lake passes are
much smaller over Candle Lake than over the land (Table 2).
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The standard deviations of the pass-averaged variables in Ta-
ble 1 and fluxes between the passes in Table 2 include diurnal
and day-to-day variations and flux random sampling errors
from each pass (sections 5 and 6). The influence of cold front
passages on surface radiation temperature and air temperature
is evident in Figure 2b.

The sensible heat flux averaged over all the Candle Lake
passes is weak downward over the lake and strong upward over
the land, which is also found by McDermott and Kelly [1995].
The moisture flux is upward over both the lake and the land.
The CO, and O, fluxes are downward over both the land and
the lake at the 100 m level but upward over the lake at the 30 m
level (Figure 3). The negative skewness of the vertical velocity
at 30 m over the lake (Table 3) implies that the strongest
vertical motions are downdrafts. This suggests that the main
turbulence source over the lake is above 30 m. Combining the
skewness of the vertical wind component in Table 3 and the
vertical flux convergence in Table 2, we infer that the O; and
CO, sinks are between 30 m and 100 m over the lake and below
30 m over the land; the heat source is above 30 m over the lake
and below 30 m over the land; and the moisture source is from
the surface (Figure 3). The sinks and sources are the advection
of warm, dry, and low CO, and O, air from land over the lake
between 30 m and 100 m.

The specific humidity is about the same over the land as over
the lake except sometimes in the morning (section 5) when it
is higher over the lake. Carbon dioxide and ozone concentra-
tions are, respectively, about 2 ppmv and 0.3 ppbv higher over
the lake than over the land at the 30 m level due to the uptake
of the carbon dioxide by the vegetation and ozone deposition
to leaf and ground surfaces. The strong downward entrainment
of ozone-rich air from the overlying free atmosphere makes
the ozone concentration at the 100 m level higher over the land
than over the lake even though downward vertical motion
associated with the lake breeze may bring down ozone-rich air
over the lake.

4, Lake-Induced Atmospheric Circulation
4.1.

The horizontal pressure difference (AP) generated by the
thermal contrast between the lake and the land can be esti-
mated by combining the hydrostatic equation and the horizon-
tal equation of motion (neglecting the Coriolis term) along the
direction of flight at aircraft flight level z:

AP=AJ»

Figure 2. (opposite) Mean surface radiation temperature
(T,), air temperature (T,), specific humidity (g,), and CO,
and O, concentrations over both the land (solid lines, subscript
¢) and Candle Lake (dashed lines, subscript /) for (a) the Twin
Otter, (b) the LongEZ except for O,, and (c) the Electra
except for CO, for all the Candle Lake passes. The difference
between the variables over the land and over the lake (dotted
lines, subscript d) is also plotted. The abscissa is the Candle
Lake pass number for all passes during the 1994 BOREAS
campaigns. The surface radiation temperatures from pass
numbers 4, 5, and 10 from the Electra are low due to instru-
ment overheating. The thin horizontal line is the zero differ-
ence line.

Scale Analysis

pg dz = ApgH = —pgHATIT, (1)
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Table 1. Mean Variables and Standard Deviations of Mean Variable Between Passes

(in Parentheses) for All Candle Lake Passes

Twin Otter (at 30 m)

LongEZ (at 30 m) Electra (at 100 m)

Variables Land Lake Land Lake Land Lake

T, 20.92 20.18 19.54 18.87 19.00 18.73
© (3.67) (3.61) (3.50) (3.49) (4.12) (4.06)
qa 6.50 6.49 6.79 6.82 7.09 7.11
(gkg™ (1.66) (1.71) (2.13) (2.11) (2.14) (2.12)
CO, 365.9 367.7 359.3 362.0 3579 358.8

(ppmv) (10.24) (11.28) (5.14) (7.70) (8.68) 2.5)

0O, 33.96 34.21 34.17 33.87
(ppbv) (7.44) (7.96) (7.43) (7.69)

UAU/L = —(1/pg)AP/L. 2) 4,2. Correlations Among Lake Breeze, Air Temperature

Here A represents the horizontal variation across a lake with
width L along the flight track, z, is the top of the lake-
influenced internal boundary layer at which level the air tem-
peratures over the lake and surrounding land are equal, H =
z, — z, is the depth of the lake-induced internal boundary
layer above the aircraft flight level, and Ap and AT are the
vertically integrated horizontal density and temperature vari-
ations, respectively. The subscript 0 represents a reference
state. The variables P, T, and U are pressure, air temperature,
and wind speed along the direction of flight, respectively, and
g is gravity. The state equation

P = pRT,= pRT (3

is used in the derivation of (1) together with the assumption
that the density variation is dominated by the temperature
variation

Ap/py= —AT/T,. 4)
Combining (1) and (2),
avyL = 94T
/L = LT, U 5)

Here AU/L is the contribution to the divergence of the flow
over the lake along the flight track. Equation (5) indicates that
for a fixed lake size, the divergent flow increases with the
vertically integrated horizontal air temperature difference and
the depth of the air modified by the cool lake and decreases
with ambient wind speed.

and Ambient Wind

The divergence over Candle Lake is estimated from the least
squares linear slope of the along-flight-track wind component
as a function of distance across the lake. The ambient wind
speed U along the flight track is averaged over the land on both
sides of the lake. The scatter in Figure 4 probably reflects the
importance of the missing variable H, the internal boundary
layer depth [see also Arritt, 1987). Arritt et al. [1996] have
observed lake breeze circulations 250-300 m deep around
1445 EDT with wind speeds of 5 m s~ ! over Lake Okeechobee,
about 40 km in diameter. The cool air over Candle Lake can
sometimes be observed even at the 700 m Electra flight level.
The variation in H can be caused by variations in large-scale
flow, lake-land surface temperature difference, and the diurnal
and day-to-day variation of the stratification of the internal
boundary layer. The scatter in Figure 4 may also be due to the
fact that the divergence along the flight track is estimated with
the wind component directly over the lake although the aircraft
sometimes flew above the lake-modified air for part of the lake
transverse, particularly under strong wind conditions. Under
this situation the divergence is displaced and occurs only over
that part of the lake where the lake air is not completely
replaced by the advected land air. Because of lack of temper-
ature profiles over the lake the replacement of the vertically
integrated temperature difference AT with the temperature
difference at the aircraft level is another source of the scatter
in Figure 4.

The traditional lake breeze index, o in Table 4, is estimated
for each Candle Lake pass using the total ambient wind veloc-

Table 2. Average Fluxes and Standard Deviations of Fluxes (in Parentheses) Over Land
and Over Candle Lake for all Candle Lake Passes

Twin Otter (at 30 m)

LongEZ (at 30 m) Electra (at 100 m)

Fluxes Land Lake Land Lake Land Lake
Sensible heat flux 174.3 -15.8 110.72 —6.2 105.3 —1.83
(Wm™?) (41.4) (24.2) (43.3) (28.5) (59.4) (33.6)
Latent heat flux 202.4 26.3 140.8 42.3 159.2 49.86
(Wm™?) (55.4) (43.5) (65.2) (62.1) (76.1) (58.92)
Friction velocity u , 0.39 0.08 0.38 0.15 0.28 0.12
(ms™) (0.26) 0.1) (0.22) (0.15) (0.16) (0.11)
Carbon dioxide flux —0.11 0.01 —0.04 0.003 —0.03 —0.01
(m s~! ppmv) (0.04) (0.02) (0.06) (0.1) (0.06) (0.09)
Ozone flux -0.17 0.003 —0.18 —0.007
(ppbv m s™1) (0.05) (0.023) (0.09) (0.11)
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Table 3. Standard Deviation o and Skewness S of Variables From Each Pass Averaged
Over All Flight Legs Over Land and Over Candle Lake

Twin Otter LongEZ Electra
Statistics Land Lake Land Lake Land Lake
a(w) (ms™h) 0.82 0.29 0.95 0.49 0.89 0.51
S(w) (m*s™?) 0.3 -0.31 0.16 -0.06 0.41 0.16
a(u) (ms™1) 1.76 131 1.73 1.37 1.39 1.14
o(v) (ms™!) 1.6 1.0 2.07 1.52 1.29 1.02
o(T,) (cz 039 0.26 0.39 033 0.28 0.25
S(T,) (CY) 0.27 0.075 0.41 0.31 0.49 0.4
o(q,) (g Kg~ 2 0.25 0.23 0.27 027 0.26 0.24
S(q,) (z; Kg~ 0.20 0.45 0.13 0.45 0.23 0.34
o(CO,) (ppmv) 0.80 0.62 0.97 1.38 0.44 0.58
S(CO,) (ppmv’) -0.08 -0.01 -0.01 0.01 -0.02 -0.01
o{0;) (ppbv) 0.97 0.72 11 0.99
S(0,) (ppbv?) -02 0.09 0.1 0.15
ity over the land and the difference between the air tempera- 0.0005
ture over the land and the lake surface radiation temperature. a
The linear correlation coefficients between the divergence over 0.00025 o o
the lake and the lake breeze index, AT, U, and AT/U in Table O np
4, indicate that the divergence is best correlated with the am- @ o o
bient wind at 30 m altitude and with the air temperature 0 ° 8
difference at 100 m altitude. The strength of the advection can
modify the air temperature difference and vertical mixing over .0.00025 4
the lake very effectively at the lower level, while the air tem-
perature difference at 100 m is more correlated with the ver- o
tical development of the thermal influence of the lake. The net -0.0005 _ 0 1 2
observed effect is that the column of the cool air over the lake Ta (Land) - Ta (Lake) (C)
grows during the increase of the vertical mixing in the morning. 0.0006
The deepening of the internal boundary layer over the lake o
strengthens the horizontal pressure gradient which leads to o 0.0004 -
strong divergent flow over the lake even if the horizontal tem- ) o a °
perature difference at lower levels does not increase. g 0.0002 : o
To interpret the relationship between the lake breeze circu- ) 8 g
lation and the strength of the large-scale flow, one must rec- £ 0 S s ° 5
ognize several competing influences. The significant wind can a 0.0002 ° a
. . -0. ] o
tilt the internal boundary layer over the lake at the upper level °
and reduce the air temperature difference at the lower level. -0.0004 : : :
These influences act to reduce the generation of lake breeze 0 2 4 6 8
flow and lead to a general negative correlation between the Wind Speed (ms'1)
lake breeze divergence and the speed of the large-scale flow. 0.0005
However, the depth of the stable layer over the lake, H, may o
0.0004
o
0.0003
°
oH v QH 0.0002] © g o
100 m —_— -~ o o o
LAy . 4 TR
o
warm cool warm 0 T T T
-1 0 1 2 3
QH Pind < Prke > Prang QH

C0,, 03 €Oy, 03
Lake Breeze Lake Breeze
-— Q,COz,O;, H
S g A
Figure 3. Schematic diagram of the fluxes and airflows

around Candle Lake. The solid arrow and the open arrow
represent the airflow and the flux, respectively.

[Ta(Land)-Ta(Lake)/[Wind Speed] (C s m*1)

Figure 4. Along-flight-path component of the divergent flow
over Candle Lake as a function of the air temperature (7T,)
difference between the land and lake areas (top), wind speed
along the flight track (middle), and their ratio (bottom). Each
point represents bin averages over an interval along x axis.
Squares, Twin Otter; diamonds, LongEZ; circles, Electra.
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Table 4. Linecar Correlation Coefficients Between
Divergence and Other Parameters

Linear Correlation Coefficients

Parameters Twin Otter LongEZ Electra
Lake breeze index (o) -0.39 -033 -0.09
AT 0.18 0.25 0.47
U -0.67 -0.36 —0.33
AT/U 0.29 0.27 0.14

increase with wind speed due to shear-induced mixing. This
secondary effect of the strength of the large-scale flow acts to
increase the strength of the lake breeze circulation since the
cool internal boundary layer over the lake is deepened.

4.3. Upper Level Circulation Induced by Lake Breeze

The downward air motion induced by the low-level diver-
gence is seen on the August 31, 1994, Electra flight where the
difference between the vertical wind component over the land
and over the lake increases with height (Table 5). This down-
ward motion is associated with the vertical change of sign of
the horizontal temperature difference AT. The air is cooler
over the lake than over the land at lower levels and warmer at
higher levels. These results suggest adiabatic warming associ-
ated with downward motion over the lake.

The strong vertical mixing and development of a well-mixed
boundary layer over land during the morning rapid transition
period can also cool the air at higher levels [Lenschow et al.,
1979; Ehret et al., 1996]. As a result, the air over the lake above
the nocturnal inversion layer can be warmer than the rapidly
vertically mixed air over the land. However, all the higher-level
Electra flights are close to local noon; therefore the warmer air
over the lake at higher levels is likely to be due to adiabatic
warming associated with the downward circulation over the
lake.

The standard deviation of the vertical motion is smaller over
the lake than over the land (Table 5), including the levels
where the air temperature is warmer over the lake than over
the land. The difference of the standard deviation of the air
temperature between the land and the lake, however, changes
in the vertical. The standard deviation of the air temperature is
smaller within the lake-modified cool air at the lower level over
the lake and becomes larger when the air temperature is
warmer over the lake than over the land at the higher level.
The higher standard deviation of the air temperature over the
lake at 1600 m (Table 5) is apparently associated with stable

SUN ET AL.. LAKE-INDUCED ATMOSPHERIC CIRCULATIONS

temperature stratification and residual turbulence at the upper
level over the lake.

Pressure adjustments resulting from subsidence and conse-
quent adiabatic warming in the presence of stable stratification
within or at the top of the internal boundary layer can act as a
negative feedback to the lake-induced circulation. The adia-
batic warming due to the subsidence over the lake acts to limit
the generation of surface high pressure over the lake. Since this
effect preferentially inhibits the development of circulations
driven by small-scale surface heterogeneity [Smith and Mahrt,
1981], it more effectively reduces the influence of small lakes
and is probably important on the scale of Candle Lake. This
negative feedback appears to contribute to the preferred sea
breeze scale found in the analysis of Rotunno [1983] and Dalu
et al. [1991]. Therefore the pressure over the lake is the balance
between the lowering of pressure caused by the adiabatic
warming and the increasing pressure caused by the cool lake-
modified air associated with the weak downward heat flux into
the layer just above the lake.

4.4. Influence of Boundary Layer Development on Lake
Breeze

The development of the low-level divergent flow over the
lake depends on the depth of the layer in which the air tem-
perature over the lake is substantially different from the air
temperature over the land. This depth can be associated with
the development of the internal boundary layer over the lake
or the growth of the heated boundary layer over the land. As
an example, on May 25, 1994, when the ambient wind was weak
(about 1 m s~ '), the divergence is about 2 and 2.4 times,
respectively, stronger over White Gull Lake and Halkett Lake
than over Candle Lake (Figure 5). The strength of the diver-
gence can be easily seen from the strong gradient of the along-
flight-track wind across the lake shown in Figure 5. The air
temperature at 30 m over all three lakes is about the same even
though the water temperature of the shallower White Gull and
Halkett Lakes is about 5°C warmer than Candle Lake. The
similar air temperature between large and small lakes may be
due to the weak vertical mixing in the stable layer over the lake
and less influence from the land under the weak wind condi-
tion. The above observations imply that the internal boundary
layer depths over the three lakes are roughly the same because
of the cancelation of the lake size on both sides of (5). The
divergence apparently decreases with increasing lake size un-
der this weak wind condition. The results also indicate that the
development of the boundary layer over the land may play an
active role in the buildup of the horizontal land-lake pressure
difference. The cold lake simply maintains the overlying cool

Table 5. Standard Deviation o and Skewness § of Air Temperature and Vertical Motion
Over Land and Over Lake and Air Temperature Difference Between Land and Lake

From Electra on August 31, 1994

T, (C) w(ms™ ")
Land Lake Land Lake

Level

(m) AT, o(T,) S(T,) o(T,) S(T,) Aaw aw) Sw) oaw) S(w)
100 0.46 0.27 0.49 0.14 0.4 0.12 1.06 0.43 0.43 0.032
530 0.17 0.14 0.39 0.12 0.29 0.18 1.48 0.42 0.55 —-0.41
1200 -0.04 0.18 1.84 0.24 1.35 0.13 0.94 1.01 043 0.03
1600 -0.35 0.13 2.11 0.35 1.31 0.29 0.98 0.45 0.84 043
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air because of inefficient horizontal and vertical mixing with
weak large-scale flow.

The observed lake breezes over White Gull and Halkett
Lakes also imply that the exact water temperature of the lake
is not crucial for the lake breeze but rather it is the contrast
between the boundary layer development over the warm land
surrounding the lake and the stable cool air over the lake. This
is consistent with the results of Segal and Pielke [1985] and
Arritt [1987]. The size of the lake for which the divergent flow
can be observed appears to be controlled by the ambient wind
and the stability of the air over the lake since both factors can
affect the warm-up of the lake-modified air.

5. Diurnal Variation of Lake-Induced
Atmospheric Circulation

The traditional lake breeze index (o) is defined in terms of
the daily maximum air temperature and the hourly averaged
wind in the morning. Therefore it cannot be used to charac-
terize the diurnal variation of the lake breeze. BOREAS 1994
contains 1 Twin Otter and 16 LongEZ at 30-m-level and 10
100-m-level Electra Candle Lake missions with at least 3 re-
peated passes. On the basis of these repeated passes the diur-
nal variation of the lake-induced atmospheric circulation can
be summarized. As a representative example, the diurnal vari-
ation of the lake breeze on May 31, 1994, is shown in Figure 6.

Apparently, because of inertia the nocturnal land breeze

Twin Otter, 25 May 1994
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Figure 5. The Twin Otter pass along the flight track over
Halkett Lake, Candle Lake, and White Gull Lake on May 25,
1994. As in equation (2), here U is the wind component along
the flight track, positive toward northeast. NDVI is the nor-
malized difference of vegetation index. The variables over the
land, 5 km upstream and 5 km downstrezm from each lake, are
also plotted for comparison.
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Figure 6. Diurnal variations of (a) air temperature, (b) sur-
face radiation temperature, (c) the divergence over Candle
Lake, (d) specific humidity both over the land (solid symbols)
and over the Candle Lake (open symbols), (e) O5 concentra-
tions, and (f) the difference of the CO, concentration over the
land and over the lake on May 31, 1994,

continues in the morning even after the air over the land
becomes warmer than the air over the lake. The land breeze is
seen as the convergent flow at 30 m and the divergent flow at
1000 m over Candle Lake in Figure 6. As the air is heated by
the warm land surface, the flow over the lake gradually changes
from the land breeze to the lake breeze. At 1230 LST the
divergent and convergent flow over the lake is seen at 30 m and
at 100 m, respectively. The observation of convergence at the
higher level over the lake is consistent with the existence of the
downward adiabatic warming described in section 4. The di-
vergence generally increases in the morning, reaches a maxi-
mum around 13 LST, then decreases in the afternoon. This
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(a) Twin Otter, 17 September 1994
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Figure 7. The Twin Otter flight over Candle Lake around
noon on September 17, 1994; (a) mean variables (zonal and
meridional wind components # and v, air temperature T,,
surface radiation temperature T, pressure P, specific humid-
ity g,, CO,, and O; concentrations), (b) fluxes. The reference
point 0 km along the flight track is arbitrarily chosen as the
west end of the land on the west side of Candle Lake.

variation of the divergence is consistent with the observations
at Lake Okeechobee [Arritt et al., 1996].

The divergence increase in the morning occurs even when
the horizontal air temperature difference at 30 m decreases
with time. In the early morning the layer of warm air over the
land is too shallow to create a significant horizontal pressure
gradient and there is no lake breeze to oppose the warm air
advection from the land. Gradually, the rate of warming over
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the land decreases with time due to increasing depth of the
vertical mixing. At the same time, the cool lake air is warmed
due to both advection and downward mixing of the warm air.
As a result, the land-lake air temperature difference decreases
at the lower level. However, the warm layer over the land
deepens, the vertically integrated land-lake air temperature
difference increases as does the internal boundary layer depth
H. Therefore the divergence at the lower level increases
steadily in the morning. This example further explains the
relatively poor correlation between the divergence and the
low-level air temperature difference between the land and the
lake areas discussed in section 4.

As the horizontal divergence becomes established over the
lake, the advection of the warm land air over the lake surface
is opposed by the divergent lake breeze. The mixing between
the cool lake air and the warm land air is reduced, ‘and AT
starts to increase at the 30 m level. This increase of the air
temperature difference is commonly observed in the early af-
ternoon.

Specific humidity and CO, concentration are generally
higher over the lake than over the land in the morning (Figure
6). A Twin Otter pass around noon over Candle Lake under
the light wind condition shows a sharp drop of specific humid-
ity as well as CO, and O, concentrations at the west end of the
lake (Figure 7). The sharp front is the result of easterly moving
dry land air with low CO, and high O; and the westerly moving
onshore lake breeze with high humidity and CO, and low O,
lake-modified air.

The high CO, and humidity and low O, concentration over
the lake may be related to the remnants of the nocturnal air,
which has high CO, concentration from the land respiration,
high moisture due to evaporation, and low O; due to ozone
deposition on leaves and the ground surface. This air is trans-
ported horizontally and retained in the stable nocturnal bound-
ary layer over the lake. If the lake water is warmer than the
surrounding land at night, then the unstable air over the lake
may help distribute the high CO, and water vapor and low O,
air into higher levels over the lake [Sun et al., 1997]. Never-
theless, only small fluxes are observed over Candle Lake dur-
ing the aircraft passes when higher CO, and moisture and
lower O, over the lake are observed (Figure 7). The high
humidity over the lake in the morning may also be related to
the weak upward moisture flux being confined to a thin strat-
ified layer over the lake surface.

Both humidity and CO, decrease, and O, increases over
both the land and the lake during the day. These variations are
caused by the plant uptake of CO,, possible photochemical
production of ozone, and entrainment and downward mixing
of dry and Os-rich air. The air is sometimes drier over the lake
than over the land in the early afternoon because of the mean
downward motion at the higher levels over the lake (section 4)
and partly by less evaporation over the cool lake compared
with the large midday evapotranspiration over the land. As a
part of the lake breeze circulation, the convergent flow asso-
ciated with the subsiding warmer, drier air with higher ozone
concentration is seen at 1420 LST at 1300 m in Figure 6. The
CO, concentration above 100 m is about the same over the
lake as over the land during the day (Figure 6). The sharp
increase of the CO, concentration over the land at 1430 LST at
30 m in Figure 6 may be related to partial stomatal closure due
to development of clouds.

The large heat capacity of the lake water delays boundary
layer development over the lake. Since the airplane flights do
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not occur before midmorning, the transition between noctur-
nal and daytime boundary layer cannot be observed over the
land but can be observed over the lake. As a result, the vari-
ations of CO, and O; concentrations between flight passes are
larger over the lake than those over the land (Table 1, section 3).

Horizontal asymmetry of specific humidity, CO, and O,
concentrations due to the mean wind can be seen in the Sep-
tember 17 case, shown in Figure 7. The concentration of water
vapor, CO,, and O; are higher downstream from the lake than
upstream because of the advection of moist, CO,- and O;-rich
air by the westerly ambient wind. The asymmetry is not very
clear for many of the other cases since the concentration dif-
ferences between over the lake and over the land are typically
small during the day.

6. Seasonal Variations

The lake temperature is about 10°C colder than the typical
midday land temperature at the end of May (Figure 2). The
lake temperature increases slowly from spring to summer and
decreases slowly in late summer. The slow variation of the lake
temperature is due to the large heat capacity of the water
(Figure 2, section 3). As a result, the moisture flux over Candle
Lake increases steadily with time during the three IFCs (Figure
8). Following the slow seasonal variation of the lake tempera-
ture, the air-lake temperature difference decreases with time
from spring through fall since the air temperature over the lake
is more controlled by the advection from the land (Figure 2,
section 3). That is, the climatological stability of the boundary
layer over the lake changes from stable in the spring to unsta-
ble in the fall, with occasional disruptions by cold-front pas-
sages. The seasonal trend for the weak sensible heat flux is not
apparent due to the limited number of flight missions with
more than three repeated passes required for Figure 8 in order
to reduce random sampling errors in the fluxes.

Associated with the full development of leaves, canopy sto-
mata release more water vapor and take more CO, and O,
during the summer, which leads to a larger upward moisture
flux and large downward CO, and O, fluxes (Figure 8). How-
ever, the soil temperature dependence of the respiration may
balance the decrease of the CO, concentration. As a result, the
seasonal variation of the CO, flux is not well defined (not
shown).

Since the lake cools slowly at night, the lake temperature is
warmer than the land in the early morning for many of the days
after the end of July. However, for most of the cases, the
upward heat and moisture fluxes during the daytime are larger
over the land than over the lake even when the lake temper-
ature is warmer than the land surface radiation temperature
[Lenschow et al., 1996]. Sun and Mahrt [1995] have found that
the spatially averaged surface radiation temperature over the
land during BOREAS can be strongly influenced by the shaded
cool ground surfaces, while the heat flux is dominated by the
sunny canopy top. As a result, the heat flux can be upward even
though the averaged surface radiation temperature may be
cooler than the air temperature. The fraction of shaded ground
surface is particularly large in the morning when the Sun angle
is low. Therefore the sunny canopy top aver the land leads to
upward heat flux although the averaged surface radiation tem-
perature is lower over the land than over the lake.

However, some special cases are observed where the fluxes
over the lake are larger than those over the land. For example,
on September 3, 1994, the land surface was about 6°C colder
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Figure 8. Seasonal variations of sensible heat (top left) and
latent heat (top right) fluxes over Candle Lake and sensible
heat (bottom left) and latent heat (bottom right) fluxes over
land based on LongEZ observations. The increment between
ticks on the x axis represents a 2-day period. The dates of the
intensive field campaigns are indicated in the abscissa.

than the lake temperature in the middle of the day with heavy
cloud cover (Figure 9). For this case, the specific humidity and
air temperature are higher over the lake than over the land.
The sensible and latent heat fluxes over the lake are, respec-
tively, about two and four times larger than those over the land
due to the cool land air over the warm water. The momentum,
CO,, and O; fluxes are about the same over both surfaces.

7. Fluxes As Function of Flux Averaging Scales

Applying the bulk formulae for fluxes over heterogeneous
surfaces is problematical [Mahrt and Sun, 1995a, b]. The bulk
formulae are developed for calculation of turbulent fluxes
based on local mean variables. These relationships between the
fluxes and the local mean variables may not be the same as the
relationship between the area-averaged fluxes and the area-
averaged mean variables. With surface heterogeneity, the re-
lationship between the grid-averaged fluxes and the grid-
averaged air-ground temperature and humidity differences
and wind speed in numerical models depends on the grid size
[Mahrt and Sun, 1995a, b]. The required transfer coefficients in
the bulk formula may not follow surface similarity theory.

In order to examine the grid size dependence of the bulk
relationship in the presence of lakes the transfer coefficient is
examined in this section as a function of the averaging grid
size, as simulated by choosing sections of aircraft record of
different lengths. The fluxes and the mean variables required
in the bulk formula are averaged over lengths of L, 2L, -+,
along flight tracks, where L is the lake width. For an averaging
width of L the area covers Candle Lake only. For the width of
2L the area covers the lake and the adjacent land along the
flight track. As the averaging window width increases, the per-
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(a) Electra, 3 September 1994, at 100 m
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Figure 9. (a) Electra zonal and meridional wind components

u and v, air (T,), and surface temperatures (T,), specific
humidity (g,), NDVI (normalized difference of vegetation
index), CO, and O; concentrations over Candle Lake at an
altitude of 100 m on September 3, 1994. Candle Lake is the low
NDVI area in the center. The low NDVI area at 40 km cor-
responds to White Gull Lake. (b) Sensible and latent heat,
momentum (expressed as friction velocity), carbon dioxide,
and ozaone fluxes across Candle Lake.

centage of the lake in the averaging area decreases. In this
approach, averaging along the flight track is assumed to be
equivalent to averaging across a grid area. To exclude me-
soscale fluxes, the turbulence is calculated as perturbations
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from unweighted means with a fixed averaging width of 1.2 km.
The cutoff length of 1.2 km captures most of the turbulent flux
based on arguments similar to those presented by Sun et al.
[1996]. The wind is vector averaged as in numerical models

V= (;};2 + ;yZ) l/2‘ (6)

Here v, and v, are the wind components in the zonal and
meridional directions, and the overbar represents the spatial
averaging. Transfer coefficients are calculated from the fluxes,
air-ground differences, and wind components which are aver-
aged over repeated passes during a given flight.

As an example, the lake effect on the area-averaged flux
from the LongEZ on May 26, 1994, is shown in Figure 10.
When the grid size covers only the lake, the grid area is ho-
mogeneous, the air over Candle Lake is stable with weak
downward sensible heat at the aircraft flight level of 30 m; the
air is warmer than the lake water and the airwater temperature
difference is small. As the averaging window increases to in-
clude more warm land surfaces, the fluxes and the grid-
averaged variables are dominated by strong upward sensible
heat, latent heat, and momentum fluxes and large air-ground
differences. Therefore as the averaging scale increases from
100% lake to almost 100% of the land, where the lake effect
becomes negligible, the averaged sensible heat flux and the
mean air-ground temperature difference change signs from

LongEZ, 26 May 1994
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Figure 10. (a) Sensible heat flux, the difference between air

and surface radiation temperatures, and observed heat transfer
coefficient as a function of averaging scale; (b) moisture flux,
the difference between specific humidity and the saturated
specific humidity using surface radiation temperature, and ob-
served moisture transfer coefficient; (c) momentum flux, wind
speed, and observed drag coefficient. All the variables are
averaged from four repeated passes, and the abscissa repre-
sents the averaging scale equal to L, 2L, 3L, ---, where L is
the lake width.
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negative to positive at some intermediate averaging lengths.
This intermediate averaging length corresponds to the grid
areca where both lake and land are important and is several
times the lake width. However, the increase of the sensible
heat flux with averaging scale can be faster or slower than the
increasc of the air-temperature difference with averaging scale.
As a result, the transfer coefficient must become negative at
some grid sizes in order to use the bulk formula to obtain the
measured sensible heat flux. The dramatic variation of the
exchange coefficient for heat happens only when the heat flux
is downward over the lauke and the air is warmer than the lake.
The exchange coefficients for moisture and momentum gener-
ally increase steadily with averaging scale.

In addition to the averaging problem in the sensible heat
flux, the grid-averaged wind speed based on (6) decreases with
averaging scale [Mahrt and Sun, 1995a, b]. If the grid just
covers the lake, the divergence from the lake breeze leads to a
very small grid-averaged wind speed. As the grid averaging
scale increases to include the land surface, the vector-averaged
wind speed is closer to the ambient large-scale wind. Therefore
the area-averaged wind speed may increase as the percentage
of the land surface in the grid increases. Because of the re-
striction of the observations to a single flight track, the cancel-
ation for the averaging scale equal to the lake width in Figure
10 is limited only to the direction of the flight track. As the
averaging scale continues to increase, the area-averaged wind
speed decreases due to random fluctuations of the wind direc-
tion. This problem is not related to lakes specifically but more
to area averaging in general. Therefore the exchange coeffi-
cients may increase with averaging scale unless the fluxes and
the air-ground differences depend significantly on grid size.

The problems related to the area averaging can be compli-
cated if a grid size covers several lakes, which could happen
with grid arcas in the BOREAS study area. The example in
Figure 10 shows typical difficulties with scaling up in cases of
strong heterogeneity associated with lakes. In situations where
lakes dominate the surface heterogeneity, the mosaic approach
in numcrical modcling [Wetzel and Chang, 1988; Avissar and
Piclke, 1989; Claussen, 1991; Ducoudré et al., 1993; Huang and
Lyons, 1995] may be suitable for solving the area-averaging
problems.

8. Summary

The above study has shown that cool lakes, here ranging
from 3 to 10 km in width, can generate well-defined lake
breezes on days with weak large-scale flow. As a part of the
lake breeze circulation, downward motion of warm, dry air,
and high ozone concentration is observed at 1000 m over
Candle Lake. The turbulence is weak over Candle Lake than
over the surrounding land even at the 1000 m level.

The divergence of the lake breeze circulation is negatively
correlated with the wind speed. Under weak wind conditions,
the lake divergence decreases with increasing lake size and is
not sensitive to the lake water temperature. The air tempera-
ture over three different sized lakes is about the same since the
timescale of the vertical mixing in the stratified air over the
lake is longer than the timescale of the land-air advection. The
lake breeze is sensitive to the relative horizontal difference in
the boundary layer development and column air temperature
between the lake and the land, not the air temperature differ-
ence al lower levels. The rapid boundary layer deepening over
the warm land contributes to the horizontal difference of the
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column air temperature which leads to a horizontal pressure
difference that drives the lake breeze circulation.

The lake breeze strongly depends on the diurnal develop-
ment of the difference between the boundary layers over the
land and over the lake. In the morning the residual land breeze
is commonly observed even as the air first becomes warmer
over the land than over the lake. The carbon dioxide and water
vapor concentrations can be higher over Candle Lake than
over the land in the morning due to retention of nocturnal air
over the lake and the much larger vertical mixing over the land.
As the air over the land continues to warm, the horizontal
pressure gradient increases. This pressure gradient drives the
divergence over the lake which reaches maximum values
around 1300 LST.

The vertical turbulent fluxes are much smaller over the lake
than over the land. Weak downward sensible heat flux is ob-
served at the 30- and 100-m flight levels. As the lake warms up
from spring to fall, the latent heat flux over the lake increases
steadily, while over the land, the latent heat flux peaks during
the summer season due to transpiration.

The area-averaged fluxes strongly depend on the averaging
length when significant land-lake contrast occurs in the aver-
aging area. For a grid size several times the lake width, the
exchange coefficient for heat in the bulk formula must be
negative to predict the correct grid-averaged heat flux. The
negative exchange coefficient occurs when the sensible heat
flux and the air-ground temperature differences are dominated
by the different surface types.

Numerous lakes in BOREAS influence not only the flow
through land and lake breezes, which also induce local changes
in cloud cover, but also the area-averaged fluxes. In the
BOREAS southern and northern study areas, lakes cover
about 10% and 20% of the study areas, respectively. If we
assume the upward sensible heat flux over the land and down-
ward over Candle Lake on May 26, 1994 (Figure 10), to rep-
resent lake and the land areas in BOREAS, respectively, the
area-averaged sensible heat flux over boreal forest is estimated
to be 12-24% lower than if the area were covered by forest.
However, a more accurate estimate of the area-averaged heat
flux over the BOREAS area requires more information on the
spatial variation of the surface fluxes over the boreal forest.
Besides the surface type, the sensible heat flux can depend on
the depth and turbidity of the lake. For example, the sensible
and latent heat fluxes over White Gull Lake are found to be
higher than those over Candle and Halkett Lakes since this
lake is shallow and turbid.
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