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ABSTRACT

A unique set of nocturnal longwave radiative and sensible heat flux divergences was obtained during the 1999
Cooperative Atmosphere-Surface Exchange Study (CASES-99). These divergences are based on upward and
downward longwave radiation measurements at two levels and turbulent eddy correlation measurements at eight
levels. In contrast to previous radiation divergence measurements obtained within 10 m above the ground,
radiative flux divergence was measured within a deeper layer—between 2 and 48 m. Within the layer, the
radiative flux divergence is, on average, comparable to or smaller than the sensible heat flux divergence. The
horizontal and vertical temperature advection, derived as the residual in the heat balance using observed sensible
heat and radiative fluxes, are found to be significant terms in the heat balance at night. The observations also
indicate that the radiative flux divergence between 2 and 48 m was typically largest in the early evening. Its
magnitude depends on how fast the ground cools and on how large the vertical temperature gradient is within
the layer. A radiative flux difference of more than 10 W m~2 over 46 m of height was observed under weak-
wind and clear-sky conditions after hot days. Wind speed variation can change not only the sensible heat transfer
but also the surface longwave radiation because of variations of the area exposure of the warmer grass stems
and soil surfaces versus the cooler grass blade tips, leading to fluctuations of the radiative flux divergence
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throughout the night.

1. Introduction

Numerous observational studies have demonstrated
the application of Monin—-Obukhov (M—QO) similarity
theory (Monin and Obukhov 1954) to unstable bound-
ary layers. In contrast, stable boundary layers are less
studied, and the validity of M—-O similarity theory,
which traditionally requires less than 10% turbulence
divergence in the surface layer and negligible radiative
flux divergence, is still uncertain under strongly stable
conditions. The classic or **textbook’ nocturnal bound-
ary layer (NBL) is based mainly on weakly and mod-
erately stable boundary layers in terms of observations
(Van Ulden and Wieringa 1996; Mahrt et al. 1998),
scaling arguments (Derbyshire 1990), similarity theory
(Zilintinkevich and Mironov 1996), and laboratory stud-
ies (Ohya et al. 1997).

The importance of radiative cooling at night was rec-
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ognized at least as far back as Glaisher (1847). Among
the few observational studies of the radiative flux di-
vergence in the literature, Funk (1960) first measured
the radiative flux divergence at night and found that its
contribution to clear-air cooling was always larger than
the observed cooling in the lowest few meters. Similar
results were also observed by Fuggle and Oke (1976),
Roach et al. (1976), Nkemdirim (1978, 1988), Zhou and
Chang (1982), and Moncrieff (1983) over different sur-
face types. All of these studies measured the radiative
flux at two levels below 10 m, where differences in the
field of view (FOV) from the two pyrogeometers or two
net radiometers were ignored or the surface was as-
sumed to be homogeneous. None of these studies mea-
sured sensible heat flux. Under the assumption of no
temperature advection in the heat balance, based on
measured radiative flux divergence and local tempera-
ture trends, they concluded that the sensible heat flux
must be convergent and must contribute to the local
warming.

Based on sensible heat flux divergence observations,
Kondo et al. (1978) and Howell and Sun (1999) found
that, on average, the sensible heat flux was divergent in
thelowest 10 minthe NBL and contributed significantly
to cooling, instead of to warming as predicted by the
previous studies mentioned above and by Elliott (1964).
Sensible heat flux divergence can be complicated by
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differences in the intermittent turbulence at various
heights associated with atmospheric disturbances such
as density currents, solitary waves, and internal gravity
waves (Sun et al. 2002, 2004).

The radiative flux divergence has also been studied
using numerical models (Garratt and Brost 1981; André
and Mahrt 1982; Li et al. 1983; Tjemkes and Nieuwstadt
1990; Raisanen 1996). Numerical results from Garratt
and Brost (1981) and Li et al. (1983) suggest that the
cooling in the lower part of the NBL, that is, the surface
layer, is dominated by the radiative flux divergence,
whereas the sensible heat flux divergence dominated the
local cooling in the upper part of the NBL. Rider and
Robinson (1951) and André and Mahrt (1982) con-
cluded that both radiative and sensible heat flux con-
tributed to the NBL cooling.

The largest radiative cooling is thought to occur dur-
ing the evening transition period. During this period,
water vapor is trapped close to the surface by the de-
velopment of the stable boundary layer (Acevedo and
Fitzjarrald 2001) and may formfog. Theincreased water
vapor content enhances the radiative cooling of the fog
layer up to 0.8°C h=* below 50 m (Fitzjarrald and Lala
1989). As an additional complication, Funk (1960) and
Zhou and Chang (1982) found that the vertical gradient
of the radiative flux below 2 m oscillated during the
night. This oscillation led to radiative flux convergence
below 3 m, that is, clear-air warming, in the results of
Funk (1960) and Nkemdirim (1978).

Whether radiative or sensible heat flux divergence
dominates the local cooling, large vertical variations of
either flux violate the condition of approximate height
independence of turbulent fluxes within the surface lay-
er, asrequired for M—O similarity theory, and contribute
to the uncertainty of the stability functions under stable
conditions. A constant turbulent flux layer may not even
exist with the relatively large vertical divergence of the
turbulent and radiative heat fluxes that can occur in
stable boundary layers.

During the 1999 Cooperative Atmosphere—Surface Ex-
change Study (CASES-99; Poulos et al. 2002), vertical
variations of radiative and sensible heat fluxes were care-
fully measured (section 2). In this study, we focus on the
roles of radiative and sensible heat flux divergences in
the heat balance at night, with discussions on compari-
sons between CASES-99 and previous observations (sec-
tion 5). Detailed calculation of the longwave radiative
flux divergence, adjusted for the different surface areas
seen by the radiometers at two heights, is discussed in
section 3. The heat balance is investigated in section 4,
and the results are summarized in section 5.

2. Observations

CASES-99 was conducted about 5 km southeast of
Leon, Kansas, during October of 1999 (Fig. 1). A 60-
m tower at the main site was surrounded by six Inte-
grated Surface Flux Facility (ISFF) 10-m towers (Sun
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et al. 2002). Surface types at each | SFF station arelisted
in Table 1. ISFF stations 1, 2, 3, and 5 included a ra-
diation platform for longwave and net radiation mea-
surements (Fig. 2). In addition, the incoming and out-
going shortwave radiation were measured at station 2.
The radiation platform at each station was installed
about 5-10 m away from the 10-m |ISFF tower. The
surface type at each 10-m I SFF tower and its radiation
station were similar except at station 3, at which the
platform viewed a mixture of senescent and tall green
grass that was much thicker and taller than the grass
surrounding the 10-m |ISFF tower.

During the experiment, 10 Eppley Laboratory, Inc.,
precision infrared radiometers (model PIR) were de-
ployed to measure the longwave radiative flux diver-
gence. The 10 pyrgeometers were set on a long bench
looking upward for intercomparison between 27 Sep-
tember and 5 October 1999 (Burns et al. 2000, 2003).
After the in-field intercomparison period, four of the
pyrgeometers were installed on a 5-m boom at 48 m on
the 60-m main tower—two to measure the downward
longwave radiative flux and two to measure the upward
longwave radiative flux (Fig. 2). Among the remaining
six pyrgeometers, two were installed at stations 1 and
2 to monitor the downward longwave radiation at 2-m
height, and the other four pyrgeometers were installed
at stations 1, 2, 3, and 5 to monitor the upward longwave
radiation at 2-m height over the four dominant surface
types surrounding the 60-m tower (Fig. 2). The sampling
rate for al the radiometers was 0.2 s1.

The instruments used in this study also included sonic
anemometers at eight levels (1.5, 5, 10, 20, 30, 40, 50,
and 55 m), barometers (Paroscientific, Inc.) at threelev-
els (1.5, 30, and 50 m), propeller-vane wind measure-
ments at four levels (15, 25, 35, and 45 m), and aspirated
Vaisala, Inc., 50Y Humitter sensors for temperature/hu-
midity measurements at six levels (5, 15, 25, 35, 45,
and 55 m). All of the above sensors, except the Humitter
sensors, were mounted on 4-m booms, pointing to the
east. The measurements from the sonic anemometers on
the 60-m tower were sampled at 20 s, and the re-
maining instruments were sampled at 1 s—*. High-ver-
tical-resolution air temperatures were also measured by
thermocouples (E-type chromel—constantan, 0.0254-
mm diameter) at 32 levels on the 60-m tower and 2
levels on two adjacent minitowers (Burns and Sun
2000). The sampling rate for the thermocoupleswas 5 s.

Each ISFF tower included a sonic anemometer at 5
m, a propeller vane for wind measurements at 10 m, a
barometer (Vaisala PTB220B) and a Vaisala tempera-
ture/humidity sensor at 2 m above the ground, and an
Everest Interscience, Inc., narrowband infrared (IR) ra-
diometer at 10 m at an angle of 45° from nadir. The
sampling rate at the ISFF towers was 20 s~ for the
sonic anemometers, 1 s~* for the IR radiometer and the
propeller vane, and 0.2 s~* for the remaining measure-
ments.

In this study, central standard time (CST), which is
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6 h behind UTC, is used. Howell and Sun (1999) dem-
onstrated that most of the turbulence can be captured
with atime window of 10 min under stable conditions,
which implies that turbulence intermittency does not
significantly affect the turbulent flux statistics using the
fixed window size. However, the timing of the turbu-
lence intermittency at different heights does affect the
vertical variation of turbulent flux with time, as dem-
onstrated by Sun et a. (2002, 2004). In this study, we
focus on one night and a monthly averaged study of the
heat balance. For the case study, turbulent flux profiles

TaBLE 1. Surface types at the four radiation stations (1, 2, 3, and
5) and two | SFF tower sites (4 and 6).

Station
No. Surface types

1 Mixture of short green and brown grass (~0.1 m)

2 Dominated by various short grasses mixed with bluestem
grass (~0.5 m)

3 Mixture of senescent and green tall grass (~0.3 m)

4 Tall grass (>0.3 m)

5 Mixture of tall sparse green weeds (~0.3 m) with very
fine short weed grass (~0.15 m)

6 Grass similar to station 1, but with rocky ground

are calculated using unweighted perturbations from data
windows that vary with time so that mesoscale/large-
eddy influences are excluded and turbulence intermit-
tency is properly handled (Howell and Mahrt 1997). For
the monthly averaged heat balance, the turbulent fluxes
are calculated using 5-min windows. On average, the
difference of the sensible heat flux divergence calcul ated
with the 5-min and variable windows is less than 10%.
The longwave radiative flux is obtained from a pyr-
geometer by using measurements of dome and case tem-
peratures, and output from a thermopile (Burns et al.
2003). The coefficients for calculating the dome and
case temperatures and thermopile output for each pyr-
geometer were calibrated in the laboratory and were
optimized from the in-field intercomparison period to
increase their relative accuracy. On average, thein-field
intercomparison reduces the relative difference between
the pyrgeometers from =0.75 to lessthan 0.4 W m~2.
The measurement from the pyrgeometer deployed at
station 1 for downward longwave radiation is much dif-
ferent than that from the rest of the pyrgeometers. Be-
cause there are no apparent physical reasons for any
significant differences, we discard it from the study.
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Fic. 2. Schematic diagram of the 10-pyrgeometer deployment, four net radiometers, and two
pyranometers, and the land surface types (see Table 1) and coverage.

3. Calculating longwave radiative flux divergence
over heterogeneous surfaces

The radiative flux divergence is traditionally mea-
sured by four pyrgeometers or two net radiometers on
a tower, one directly above the other. By doing so, the
downward-looking pyrgeometer at the upper level
‘“sees” a larger surface area than the one at the lower
level. The difference between the measured longwave
radiation at the two levels can be obscured by the dif-
ferent FOV of the two pyrgeometers if the surface is
heterogeneous. The FOV of the 2-m downward-1ooking
pyrgeometer is small enough that it can be assumed to
be homogeneous, as assumed in previous studies. This
is not the case at 48 m. To estimate the ground area
seen by the pyrgeometer at 48 m, we can examine the
outgoing longwave radiation measured by the down-
ward-looking pyrgeometer through radiation transfer
theory without emission from the atmosphere. The

ground contribution to the outgoing longwave radiation
measured at 48 m can be formulated as the longwave
radiation intensity | (i.e., radiation energy integrated
over wavelengths) emitted from the ground impinging
on the radiometer integrated over a hemisphere (Liou
1980),

2m w2
| Jem(ground) = J J | cosf dQ)
0 0

21 2
= f f | cosf sind db dis
0 0

- % fﬁ flz | sin(26) d6 dyp. (1)

Here, Q) is the solid angle, and 6 and ¢ are the nadir
and the azimuthal angles, respectively. Assuming the
ground surfaceisisotropic so that the radiation intensity
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FiG. 3. (a) The upward longwave radiation at 2 m from the four radiation stations (S1, S2, S3,
and S5) and at 48 m on the 60-m tower. (b) The differences between all the radiation measurements
in (a) and the upward longwave radiation at station 1. Here all the diurnal variation from each
pyrgeometer was averaged for the entire period of the field campaign.

from the ground is directionally independent, from (1)
the measured upward longwave radiation | ' over a uni-
form surface is

I" =l

2

Because we had only a limited number of pyrgeo-
meters, we simplified the area seen by the 48-m down-
ward-1ooking pyrgeometer into five quasi-homogeneous
surface types. four of them were land surfaces, which
were monitored by four downward-looking pyrgeome-
ters at 2 m, and the fifth was a pond (Fig. 2). Because
the view angle of surface type 5 from the pyrgeometer
at 48 mislarger than 81°, its contribution to the upward
longwave radiation at 48 m is much smaller than the
other four surface types and is neglected. Although the
surface varied somewhat within each surface type, the
variation among the surface types is much more sig-
nificant (Fig. 3). During the field campaign, the pond
temperature was measured several times with a hand-
held Everest IR radiometer, and was found to be T,, =
288.15 K. Assuming that the temporal and spatial var-
iation of the pond surface temperatureisrelatively small
in comparison with its absolute temperature, the long-
wave radiation emitted by the pond at night can be
calculated as

— 4
I, = eaTs,.

(€©)
Here, the emissivity e = 0.96 for water surface is used

(Campbell and Norman 1998), and o is the Stefan—
Boltzmann constant.

Substituting (2) into (1), the ground contribution to
the longwave radiation at 48 m can be simplified based
on the schematic diagram of the surface survey in Fig.
21

| Jem(ground)

2w w2
f f |1 sin(26) do dy
0 0

Y1 02
+J f (I, — 1) sin(26) dé dy

0

3m/2+y, (0s
+ J f (I3 — 1) sin(26) do dy
3 04

7l 2—ip

32+ yts (07
+f f (13, — 1) sin(26) d6 dy|,
3 0g

2+ Y

_1
2T

(4)

where the angles are schematically illustrated in Fig. 4.
In (4), I, 1}, and I} represent the longwave radiation
measured from surface types at stations 1, 2, and 3,
respectively. The influence of the tower structure isneg-
ligible because of its small FOV relative to the ground
in the pyrgeometer hemispheric view as shown in ap-
pendix A.

Using the surface survey listed in Table 2 and (4),
the integrated contribution of the ground emission to
the pyrgeometer at 48 m is
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Fic. 4. Schematic diagram of all the input parameters related to the angles used in (4).

| jam(ground) = 0.941] + 0.031; + 0.021; + 0.01l},.
®)

Equation (5) indicates that the ground contribution from
the surface types other than surface type 1 to the long-
wave radiation measured at 48 missmall. Thefrequency
distribution of measured | j,,, over the entire month is
very similar to the distribution measured at 2 m at sta-
tion 1, lending further support to the resultsin (5). The
coefficients for 1], 1, 13, and 1}, in (5) represent the
integrated contribution of each surface type to the up-
ward longwave radiation at 48 m, considering the size
of each surface type and its location relative to the 48-
m pyrgeometer.

To obtain the true radiative flux divergence, the area
contribution of each surface type to the upward long-
wave radiation at both 2 and 48 m should be the same.
Therefore, the same surface-type contributions to the
longwave radiation as in (5) are used for estimating the
integrated upward longwave radiation at 2 m for the
same FOV as at 48 m, which is relevant for calculating
the upward radiative flux divergence. Using the mea-
sured downward longwave radiation at 48 m (1 ,,) and

at 2 m at station 2(l 4,.,), the measured upward longwave
radiation at 48 m (I g,),and the calculated integrated
radiation at 2 m adjusted for the 48-m FOV (I},,), the
vertical longwave radiation divergence between 2 and
48 m can be estimated as
Al = Al g, — Al,, =

Lom = Vigm + 1,

(6)
where Al = | — | isthe net longwave radiative flux
at any level. Measurement errors in Al |4 can be es-
timated as
SAIEE™ = [(8liam)? + (814n)7 + (8ligm)? + (81 4m)?]¥2.

()
Using the standard deviations of each pyrgeometer cal-
culated during the in-field intercomparison period
(Burns et al. 2003), the measurement error of Al|4£™is
estimated as 0.6 W m~2,

Izllsm -

4. Nocturnal heat balance

The heat balance within the layer between 2 and 48
m can be expressed as (e.g., Stull 1988)
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TABLE 2. Input parameters in Figs. 4 and Al
Parameter I, l, [ l, ls s I, lg lo l1o h H | w
(m) 65 120 300 55 93 70 124 120 189 100 48 60 5 13
Angles 0, 0, 0 0, 05 0O 0, U, v, /S a B B,
©) 52 67 81 62 68 67 75 40 37 45 7.4 84.3 63.4

“m196  o(ue) ou'e  ow'e (W)
— + + + + dz
|t ax ax 0z 0z
wm T 9Al Aljgem
= f <_—— dz = 2B ©)
. \0C, 0z C,

where 0 and T are the mean potential temperature and
temperature, 0 = T, c, is the specific heat at constant
pressure, U and W are the mean horizontal and vertical
wind speeds, w6’ and u’'6’ are the vertical and hori-
zontal turbulent sensible heat fluxes, and x and z are the
along-wind and vertical coordinates, respectively. There
was no liquid water in the layer; therefore, the variation
of the latent heat flux only affects the water vapor mass
balance in the layer and does not contribute to the heat
balancein thislayer. Equation (8) indicatesthat thelocal
cooling (d6/at) is controlled by the horizontal and ver-
tical temperature advection [0(T6)/0x and o(W6)/9Z], the
sensible heat flux divergence (ow’ 6’ /0z) and (ou’ 6’ /0X),
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Fic. 5. (8) Net radiative flux difference between 2 and 48 m and

(b) the measured incoming and outgoing longwave radiation com-
ponents at 2 and 48 m for the night of 21 Oct.

and the radiative flux divergence (0Al/oz, i.e., radiative
cooling). To understand the detailed behavior of the
nocturnal heat balance, we focus on one night on which
the radiative flux divergence was relatively strong in the
early evening.

a. The night of 21 October

On the night of 21 October in CST (22 October in
UTC), the outgoing longwave radiation started to de-
crease sharply around 1700 CST as a result of radiative
cooling at the ground (Fig. 5). At the same time, the air
temperature decreased significantly at all the observation
levels, especially close to the ground (Fig. 6). Between
1600 and 1900 CST, the radiative flux difference in-
creased to about 13 W m~2 (i.e., about 0.97°C h-*; Fig.
5a). Because the ground cooled through longwave ra-
diative emission, the sensible heat flux became negative
close to the ground while the residual heat flux above
was still slightly positive or zero (Fig. 7). This condition
was also found by Grant (1997). Between 1600 and 1900
CST, the vertical divergence of the sensible heat flux
between 1.5 and 50 m was about 5 W m~2 (i.e., about

30

Temperature (°C)

16 18 20 22 00 02 04
Time (HH, CST)

FiG. 6. Time series of the thermocouple temperature between 2 and
48 m for the night of 21 Oct. The height increment between adjacent
levelsis 1.8 m.
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2)

0.4°C h=1). The temperature decrease averaged between
2 and 48 m was about 2°C h—* during the same period.
The sum of the radiative and sensible heat flux diver-
gences is about 1.4°C h~*, which accounts for most of
the local cooling. However, this also implies that the
temperature advection and the horizontal turbulent heat
transport a so contribute significantly to thelocal cooling.

The spatial variation of the temperature at 2 m above
the ground was found to vary with the surface elevation
(Fig. 8). This height-dependent temperature distribution
could be associated with the accumulated cold air trans-
ported by drainage flow in the area (Kobayashi et al.
1994), despite the observed “‘uphill” wind in Fig. 8.
The largest elevation difference among the six ISFF
stations is about 6 m, which leads to a negligible po-
tential temperature correction of about 0.06°C to the
spatial variation of the temperature at a constant height
among the six stations. Based on the spatial variation
of the temperature (about the same as the potential tem-
perature) at 2 m from the six surface stations and the
linearly extrapolated wind from 5 to 2 m, which was

JOURNAL OF APPLIED METEOROLOGY
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about 0.66 m s—¢, the estimated horizontal temperature
advection at 2 m is about 4°C h-*. Because of lack of
information on the spatial variation of both wind and
temperature between 2 and 48 m, the horizontal advec-
tion of temperature between 2 and 48 m and the hori-
zontal turbulence flux divergence are unknown. If one
assumes that the heat residual from the heat balance is
entirely due to the horizontal temperature advection and
uses the approximate wind speed of 3 m s—* within the
layer at the time, the horizontal temperature gradient
needs to be about 0.05°C km~* to obtain the heat re-
sidual of 0.6°C h=*. This small horizontal temperature
gradient is not measurable with towers separated by 100
m or even by 1 km in view of the absolute accuracy of
current temperature measurements. |f one assumes that
the heat residual is entirely due to the vertical temper-
ature advection and that the mean vertical velocity is
negligible at 2 m when compared with that at 48 m, the
mean vertical velocity at 48 m has to be about 3 X 10-°
m s—* to contribute 0.6°C h-* to the local cooling. Be-
cause of the complication of the tilt correction for sonic
anemometers (Kaimal and Finnigan 1994), thisaccuracy
for the mean vertical velocity was not possible in this
experiment. The above advection analysis indicates that
even a small horizontal or vertical temperature differ-
ence would contribute significantly to the local cooling.

b. Relationship between the temperature at 2 m and
surface elevation

The elevation-dependent 2-m air temperatureis clear-
ly demonstrated in the air temperature difference be-
tween the lowest station (station 3) and the other stations
(Fig. 9). The dependence of the air temperature on the
surface elevation occurred only at night and was in-
versely related to the wind speed. When the wind speed
is stronger than 5 m s, strong turbulent mixing and
advection eliminate temperature differences at various
elevations and lead to a homogeneous temperaturefield.
Similar results were also found by Harrison (1971),
Geiger et a. (1995), LeMone and Grossman (2000), and
Acevedo and Fitzjarrald (2001). This implies that to
capture spatial variations of synoptic or ambient tem-
perature, the temperature measurement height needs to
be above the influence of surface drainage flows.

c. Relationship between the outgoing longwave
radiation and wind

Around midnight CST of 21 October, the outgoing
longwave radiation at 2 m increased by about 2-3 W
m~2; the incoming longwave radiation decreased steadily
throughout the night (Fig. 5b). As a result, the radiative
flux became convergent and fluctuated around zero there-
after (Fig. 5a). The time series of the surface radiation
temperature T, and the wind speed at the six | SFF stations
(Fig. 10) indicate the dependence of the outgoing long-
wave radiation on the wind speed, although T, observed
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by the Everest radiometerswas not as carefully monitored
for accuracy as the pyrgeometers were.

Our field survey during CASES-99 showed that the
variation of T, was strongly influenced by vegetation at
night. In general, the tips of the grass blades were colder
than the dense stems of the grass and the top soil, which
were protected by the grass blades from direct longwave
cooling. As the wind speed increased, the warmer grass
stems and soil surface were exposed through the bent
grass. Therefore, the outgoing radiation temperature in-
creased with wind speed. However, if relatively strong
wind persists, the surface radiation temperature levels
off after the initial increase due to heat loss through
longwave emission, and eventually the radiative cooling
of the soil surface and the grass stems reduces the out-
going longwave radiation. As the wind decreases, the
cool grass blades reduce the outgoing longwave radi-
ation. The larger variation of T, at station 4 is due to
its thicker and taller grass (Fig. 10). The relationship
between the outgoing longwave radiation and wind
speed at station 4 for the entire field campaign shows
that, when wind speed is less than 5 m s, the surface
radiation temperature is related to the wind, but the

relationship is not necessarily linear (Fig. 11). During
daytime, the solar heating of the ground al so contributes
to T,; therefore, there is no unique relationship between
outgoing longwave radiation and wind speed. A similar
vertical variation of the temperature within agrasslayer
was observed by Oke (1970), Sun (1999), and Qualls
and Yates (2001).

Sun (1999) also reported that the heat source for the
sensible heat flux over a grass layer was mainly from
the middle level of the grass layer. Vining and Blad
(1992) studied correlations between zenith angles of an
infrared thermometer and sensible heat flux under con-
stant solar angles. They found that the sensible heat flux
was better correlated with the surface canopy temper-
ature observed at the nadir and 20° from zenith when
wind speed was stronger than 5 m s—*. When the average
wind speed was less than 4 m s=*, 40° and 60° from
zenith provided the best estimates of the sensible heat
flux. Vining and Blad's results also implied that the
surface radiation temperature varied with wind speed.
In theory, sensitivity of the outgoing longwave radiation
to wind speed variations depends on surface vegetation
type and density, thermal inertia of the ground surface,
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the daytime and (b) at night. The subscript i represents the station numbers. All of the curves are

based on the 5-min-averaged data.

and how frequently the soil surface has been exposed.
However, detailed study on this subject is beyond this
experiment.

As the wind speed increased, downward transport of
sensible heat flux also increased, leading to the air tem-
perature increase. However, the observed air tempera-
ture increase within the layer when the radiative flux
converged around midnight was, on average, less than
the surface radiation temperature increase (Figs. 6 and
10) and did not follow the wind speed change as closely
as did the surface radiation temperature. Our calculation
in appendix B indicates that the surface radiation con-

tributes about 80% of the outgoing longwave radiation
measured at 2 m. Therefore, the variation of the surface
radiation temperature and not the variation of the air
temperature dominated the variation of the upward long-
wave radiation at 2 m.

d. Discussions of the current and previous heat
balance studies

The previous studies mentioned in the introduction
showed that the observed maximum net radiative flux
difference between two levels under 10 m and clear-sky
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Fic. 10. Time series of (a) the wind speed and (b) the surface
radiation temperatures at the six stations for the night of 21 Oct.

conditions is less than 5 W m~2. Our observed maxi-
mum net radiative flux difference between 2 and 48 m
islarger than 10 W m~2. Theincrease of the net radiative
flux difference with the depth of the layer is consistent
with radiation transfer theory. However, the previous
studies found that the radiative cooling was typically
stronger than the local cooling below 10 m, whereas
our study indicates that the radiative flux divergence
was weaker than the local cooling between 2 and 48 m,
even during the largest radiative cooling night. Because
the radiative cooling isthe net radiative flux divergence,
that is, the vertical gradient of the net radiative flux, the
apparent contradiction between the previous studies and
this study implies that the radiative flux divergence de-
creases with height. Decrease of the radiative flux di-
vergence with height was also found by André and
Mahrt (1982) and Li et al. (1983) through numerical
simulations based on observed temperature and humid-
ity profiles. Furthermore, a linear decrease of the ra-
diative flux divergence has been commonly assumed in
previous NBL studies (Yamada 1979; Nieuwstadt 1980;
Lenschow et al. 1987).

Both local and radiative cooling decrease with height,
and, in general, the absolute values of the sensible heat
flux divergence decrease with height. However, the rel-
ative contributions of the sensible heat flux divergence,
the radiative cooling, and the temperature advection
(both horizontal and vertical) to the local cooling may
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Fic. 11. Relationship between surface radiation temperature and
the 10-m wind speed at station 4 during the daytime (circles) and at
night (dots) for the entire field campaign. The curves are bin averaged
based on the 5-min-averaged data. The standard deviation of the 5-
min data within each bin is plotted in the figure.

vary with height. A increasing role of horizontal tem-
perature advection to the local cooling with height was
obtained through numerical models by Maki et al.
(1986), and an increasing cooling with height by the
sensible heat flux divergence was found by Elliott
(1964), Garratt and Brost (1981), and Li et al. (1983).

The diurnal variation of the radiative flux divergence
averaged over the entire field campaign shows that, on
average, the radiative flux divergence is close to zero
except in the early evening (Fig. 12). On average, the
sensible heat flux divergence is about 30% of the local
cooling. The relatively small averaged radiative flux di-
vergence is partly due to the fluctuation of the ground
longwave radiation emission with wind speed, as dem-
onstrated earlier. The fluctuation of the surface radiation
temperature is not captured in al of the numerical stud-
ies on the heat balance. Smith and Shi (1992) demon-
strated the importance of the air—surface temperature
difference at the ground in modeling the radiative cool-
ing.

Therelatively small contribution of both sensible heat
flux divergence and the radiative cooling to the air cool-
ing in this relatively deep layer implies that cold-air
advection was important during CASES-99. Statistical
analysis of the wind field during CASES-99 indicates
that the wind was commonly from the south, in which
direction the ground was lower than the 60-m tower,
and the air that was advected into the tower area was
colder. Similar diurnal variation of the total air cooling
and the radiative cooling (both are large in the early
evening) implies that longwave emission is the driving
heat sink for cooling the NBL, although the magnitude
of the air cooling at any location may be dominated by
either the sensible heat transfer or the temperature ad-
vection. The sensible heat flux divergence and the tem-
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FiG. 12. (a) Thermocouple temperature tendency (different from the potential temperature by
less than 1%) within various layers between 2 and 48 m (listed in the figure); (b) radiative flux
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entire field experiment, and the standard deviations of each variable at each hour. Here both the
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data. (d) The cooling rates of all measured components between 2 and 48 m.

perature advection are mechanisms for transferring heat
that is ultimately lost to space by longwave radiation
emission at night.

Averaged observations of the radiative flux diver-
gence in both this study and that of Nunez and Oke
(1976) demonstrated the diurnal variation of the radi-
ative cooling, with the strongest cooling in the early
evening, even though the observationsin this study were
over a relatively deep layer and Nunez and Oke's ob-
servations were below 5 m and within a canyon. This
diurnal variation of the radiative flux divergence is re-
lated to the diurnal variation of wind speed. Rapid cool-
ing in the early evening was aso observed by Gus-
tavsson et al. (1998).

e. Relevant factors on heat transfer terms and M—O
similarity theory

The net radiative flux difference between 2 and 48
m in the early evening (between 1700 and 1800 CST)
was largest for 21 and 25 October (Fig. 13). The max-
imum daytime surface radiation was highest on 21 Oc-
tober, following a 5-day warming trend, and was the
second highest on 25 October, following a 3-day warm-
ing trend. In addition, the wind speed for those two
nights was relatively low. The relationship among high
maximum daytime radiation temperature, low wind, and
large radiative flux divergence in the early evening in-
dicates that the high maximum daytime radiation tem-
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perature ensures awarm boundary layer and largedown-
ward longwave radiation in the early evening. Thewarm
ground and weak wind ensure a large longwave emis-
sion from the ground in the early evening, which de-
creases sharply as the ground cools. The large down-
ward longwave radiation and the sharp reduction of the
upward longwave radiation both lead to large radiative
flux divergence in the early evening. Although the max-
imum daytime surface radiation temperature on 26 Oc-
tober was highest following a 4-day warming trend, the
wind speed of 4 m s in the early evening increased
vertical mixing and reduced the vertical temperature
gradient in the observed layer, leading to smaller ra-
diative flux divergence when compared with that on 25
Octaober. Detailed analysis on 25 October is not pre-
sented in this paper because of its similarity to 21 Oc-
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tober. The importance of the radiative flux divergence
under weak-wind conditions was aso shown by Go-
palakrishnan et al. (1998).

Using the entire field campaign dataset, we found that
the vertical difference of the outgoing radiative flux is
positively related to the vertical temperature gradient
and negatively related to the wind speed because strong
wind leads to strong mixing (Fig. 14). Therefore, the
vertical difference of the outgoing longwave radiative
flux increases with the bulk Richardson number (Fig.
15).

The radiative flux divergence, on average, is smaller
than the sensible heat flux divergence between 2 and 48
m at night (Fig. 12). However, the standard deviation
of both the local cooling and the cooling due to the
sensible heat flux divergence at a given hour is much
larger than the cooling due to the radiative flux diver-
gence. This result means that the radiative cooling is
relatively consistent every night whereas the local cool-
ing and the cooling due to the sensible heat flux diver-
gence vary significantly from night to night.

Averaged over all of the nights from the field cam-
paign, the vertical variation of the sensible heat flux is
more than 10% below 20-m height (Fig. 16). In addition,
on timescales of several hours, the departure of the sen-
sible heat flux from the averaged value at each level
varies with height, and the difference is often more than
10% of the averaged sensible heat flux. The M—O sim-
ilarity theory assumes less than 10% vertical variation
of the sensible heat flux and negligible radiative flux
divergence within the surface layer. Based on this and
previous studies, these requirements can be violated on
any specific night, especially under very stable condi-
tions and close to the ground where both the radiative
and sensible heat flux divergences are relatively large.

5. Concluding remarks

Radiative flux divergence (2 levels) and sensible heat
flux divergence (8 levels) were both directly measured
in the nocturnal stable boundary layer during CASES-
99. The radiative flux divergence was measured for the
first time over a relatively deep layer (between 2 and
48 m) in contrast to earlier measurements within 10 m
above the ground. Based on four downward-looking
pyrgeometers at 2 m over four major surface types that
were viewed by the downward-looking pyrgeometers at
48 m, the longwave emission at 2 m was calculated as
if it were measured by a pyrgeometer with the same
field of view as the one at 48 m.

Theradiative flux observation indicatesthat the stron-
gest radiative flux divergence occurs at the beginning
of night when the ground cools rapidly and wind is
weak. Under weak-wind and clear-sky conditionsin the
early evening, following a day with high surface radi-
ation temperature and warm boundary layer, the ground
cools very quickly while the rest of the boundary layer
stays warm. The rapid decrease of the ground temper-
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FiG. 14. Relationship between the outgoing longwave radiative flux difference between 2 and

48 m and (@) the temperature difference between 2.3 and 47.1 m and (b) wind speed at 15 m on
the 60-m tower.

ature and, thus, the sharp decrease in the longwave ra-
diation emission dominate the change in the radiative
flux divergence as the incoming radiative flux decreases
steadily over night. The radiative flux divergencein the
early evening is controlled by how warm the surface
becomes during the day and how fast the ground cools.
The rapidly cooled ground and residual daytime tur-
bulence lead to downward/zero sensible heat flux close
to the ground and upward/zero sensible heat flux higher
up, resulting in sensible heat flux divergence. Therefore,
the radiative flux divergence and the sensible heat flux
divergence both contribute to the rapid cooling of the
air layer between 2 and 48 m at the beginning of the
night.

The observed smaller longwave radiative cooling in
comparison with the local cooling over the deep layer
is different from the early radiation measurements in
which the longwave radiative cooling was generally

larger than the local cooling in a shallow layer close to
the ground. The differences may be due to the vertical
variation of the radiative flux divergence as suggested
by radiation models. The vertical variation of the long-
wave radiative cooling and the local cooling implies
that the relative contributions of the sensible heat di-
vergence and the temperature advection (both horizontal
and vertical) to the local cooling may also vary with
height. The close rel ationship between thetimevariation
of the local cooling and the radiative cooling between
2 and 48 m suggests that the radiative cooling is the
primary heat sink at night.

This unique observation of the vertical variation of
both radiative and sensible heat fluxes demonstrates the
importance of the temperature advection (both horizon-
tal and vertical) in the local cooling at night over a
gently rolling surface. This result implies that previous
studies of the nocturnal heat balance based only on ver-
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tical variations of the radiative flux and assuming no
advection may lead to wrong conclusions about the role
of sensible heat flux in the local cooling.

The outgoing longwave radiation from the ground
tends to fluctuate with wind speed because of variations
in the area exposure of the warmer grass stems and soil
surface and relatively cool tips of grass blades to the
cold sky. The fluctuation of the outgoing longwave ra-
diation from the ground leads to the fluctuation of the
radiative flux divergence, which cannot be simulated by
all of the radiation models. In general, the vertical dif-
ference of the outgoing longwave radiative flux between
2 and 48 m increases with the vertical temperature gra-
dient and decreases with wind speed because of the
vertical mixing and reduction of the vertical temperature
gradient. The local 2-m air temperature tends to follow
topography when wind speed is less than 5 m s~* and
is more uniform when wind speed is stronger than 5 m
s~1. The height-dependent temperature distribution may
be due to local shallow drainage flows.

Our study indicates that the radiative flux divergence
between 2 and 48 m is close to zero except in the early
evening. However, it can be significant close to the
ground based on the radiative flux divergence below 10
m in the earlier studies. On average, the radiative flux
divergence increases with stability. The vertical varia-
tion of the sensible heat flux is found to be more than
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FiG. 16. (a) Vertical profiles of the sensible heat flux at various hours averaged over the entire
field campaign. (b) The standard deviation of the sensible heat flux used to take the composite
of the vertical profilesin (a) at the corresponding time period.
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10% of its mean below 20 m. Therefore, the conditions
for application of M—O similarity theory are often vi-
olated in the surface layer in the early evening and bel ow
10 m above the ground at night because of the large
radiative and sensible heat flux divergences.
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APPENDIX A

Radiation Contribution from the 60-m Tower

If one assumes the tower is a solid rectangular block
with width w in the north—south direction, and height
H (Fig. Al), the upward longwave radiation measured
by the pyrgeometer mounted on the 5-m boom at 48-
m height can be approximated as

a B
f f I, sin(26) d6 dys
27 (w2 27 (B2
+ (f J +f f >|gsin(20)d0d¢
0 B1 2a JO

— (a1 ~ cos28)

+ {271 + cos(2B,)] + 47 — a)}), (Al)

using the angles defined in Fig. Al. Here, I, and |
represent the contribution from the tower and the ground
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surface, respectively. To focus on the contribution of
the ground and the tower to the radiation measurement
at 48 m, the layer of the atmosphere between the ground
surface and the 48-m level is assumed to be transparent.
Using the measurements listed in Table 2, (A1) becomes

| \gm = 0.041, + 0.961,. (A2)

Equation (A2) indicates that the influence of the tower
is small because the tower structure occupies only a
small portion of the field of view for the upward long-
wave radiation measured by the downward-looking pyr-
geometer at 48 m, even though the tower structure is
assumed to be a solid column.

In following the same analysis, the downward long-
wave radiation measured by the upward-looking pyr-
geometer at 48 m can be approximated as

| igm = 0.031, + 0.971,. (A3)

Equation (A3) indicates that the influence of the tower
structure on the downward longwave radiation measured
by the pyrgeometer at the 48-m level is also small.

APPENDIX B

Air-Layer Radiation Contribution between the
Ground and 2 m

The contribution of the longwave radiation from the
ground surface to a pyrgeometer |, and from the uniform
ar layer below the measurement level of 2 m I, to the
longwave radiation measurement at z can be expressed as

(B1)
where 7 is the optical thickness of the air layer and e,
= 1 — e " isthe emissivity of the air layer. The long-
wave radiation from the ground and from the air layer
can be reduced further to

9

I = lge + edly,

e,0T¢ and (B2)

(B3)

— 4
I, = oT%,

(b)

Fic. Al. Schematic diagram of the tower dimensions and angles relative to the pyrgeometers
on the tower from looking (a) north and (b) downward.



NovEMBER 2003

where ¢, is the emissivity of the ground and T, is the
temperature of the air layer in kelvins. Because the
ground is close to being a blackbody, the emissivity of
the ground is assumed to be 1.

The emissivity €, can be calculated using the empir-
ical formulain the appendix of Andréand Mahrt (1982).
For simplification, we assume that the 2-m-deep ho-
mogeneous layer has a specific humidity of 10 g kg4,
a temperature of 12°C, and a carbon dioxide concen-
tration of 330 ppmv. This gives an emissivity of the air
layer of about 0.2. This result implies that, at the mea-
surement height of 2 m, the upward longwave radiation
consists of 80% from the ground and 20% from the air.
Equation (B1) can be expressed as

I3 = 0.80T4 + 0.20T4, (B4)

Because the Everest infrared surface temperature radi-
ometer is a narrowband radiometer within the atmo-
spheric window spectral band (8-14 wm), the influence
of the atmosphere on the radiation measurement should
be considerably smaller for an Everest IR radiometer
than for a pyrgeometer at 2 m.
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