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Abstract. The atmospheric boundary layer (ABL) height 1 Introduction
(z;) over complex, forested terrain is estimated based on the
power spectra and the integral length scale of cross-strean, depth of the lower atmospheric mixing layer, or bound-
winds obtained from a three-axis sonic anemometer durinqElry layer height{;), is one of the most important meteoro-

. I/
the two summers of the BEARPEX (Biosphere Effects on,qical narameters, not only affecting the distribution of reac-
Aerosol and Photochemistry) Experiment. Thealues es- e aimospheric chemical compounds but also playing a key
timated with this technique show very good agreement withyq\0 iy air quality assessment at the local or regional scale
obsgrvatlons obtained from balloon tether §9ndes (2007) anE’Seibert et al., 2000). The distributions of highly reactive at-
rawmsopdes (2009) u'nder unstgble.con'dmom;. €0) at mospheric species, such as some volatile organic compounds
the coniferous forest in the California Sierra Nevada. On(VOCs) are strongly influenced by atmospheric boundary
the other hand, the low frequency behavior of the streamwisgay e (ABL) turbulence and its vertical extent, because
upslope winds did n_ot exhl_blt.S|gn|f|cant variations .and Was i oca compounds are in general emitted from the surface,
therefgre not useful in predicting boundary Igyer h§e|ght. TheOr produced secondarily within the ABL, and may possess
behavior of the nocturnal boundary layer height ith re- lifetimes similar to or shorter than the time scales associated
spect to the power spectra of thevind componentand tem- i the |argest eddies confined by In addition, it is essen-
perature under stable conditiorsl(> 0) is also presented. ;5| ¢4 determine the stable nocturnal boundary layer (NBL)
The nocturnal bounda_rylayerhgght is found to be fa|rlywe_ll height (), because the impact of dry deposition on chem-
predicted by a recent interpolation formula proposed by Zil- ical species budgets at night is inversely proportionat,to

itinkevich et al. (2007), although it was observed to only vary and dry deposition can be a major loss mechanism for many

from 60—80m d“””9 the_ 2009_exp_erimen_t in which it was reaction products that are otherwise decomposed by photol-
measured. Finally, significant directional wind shear was ob-,

i X X . %sis and/or the reaction with OH in the daytime (e.xCD,
served during both day and night soundings. The winds wer 5, peroxy acyl nitrates, VOCs). Moreover, the transport and

found to be consistently backing from the prevailing west- yishersion of atmospheric trace gases and particles strongly

s_outhwgsterlies withiq thg ABL (the anabe.uic.cross-valley depend on the state of the atmospheric boundary layer such
circulation) to southerlies in a layerl—-2 km thick just above as its stability and; (Kossmann et al., 1998). Therefore,

the ABL _before veering tq the prevailing West_erlies fu_rther it is also very important to determing in regional trans-
aloft. This shear pattern is shown to be consistent with th&, , y/4ispersion models for air pollution assessments as well
forcing of a thermal wind driven by the regional temperature as for quantifying the budget of atmospheric trace gases.
gradient directed east-southeast in the lower troposphere. Several conventions for the determinatiorzphave been

developed, typically based on the characteristics of the pro-
files of the mean wind speed {, mean potential temperature
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measurements (Hanna, 1969; Liu and Ohtaki, 1997; Seibetboundary layer grows because the greater mixed depths gen-
et al., 2000; Stull, 1988; Zeng et al., 2004). Other meth-erally provide more space for the largest eddies to develop
ods are based on the detection of discontinuities in backscatbove the heated surface. Assuming Taylor’s frozen wave
tered energy by acoustic, microwave, and optical techniquesiypothesis (Taylor, 1938), the eddy sizes, which are repre-
that can be associated with entrainment around the inversiogented by wavelengthi), can be converted to a frequency
base (Angevine et al., 1994; Kaimal et al., 1982). Never-scale with the mean wind speed 86 1) = U(ms™1)/A(m)
theless, it is not always easy to measgrat any given site  (Stull, 1988). Consequently, it is expected that the frequency
and time due to limited resources. Thus, it is common inof maximum spectral density will tend to decrease as the
many atmospheric chemistry and transport studies to resotboundary layer develops, and to some extent, as the static
to assumptions about based on previous model results or stability grows more unstable (Hojstrup, 1982; Panofsky and
measurements made at other locations with similar surfac®utton, 1984). Thus the variance of the horizontal wind,
conditions (Dillon et al., 2002; Day et al., 2008). which represents the bulk of the turbulent kinetic energy in
Since the early 1970s, it has been recognized that surfacthe surface layer, scales with (Banta, 1985), thereby car-
layer, or Monin-Obukhov, similarity does not accurately de- rying information of the frequency and therefore size of the
scribe the behavior of horizontal wind fluctuations observedlargest ABL-filling eddies.
near the surface; rather, their statistical properties appear to Occasional balloon tethersonde and radiosonde measure-
be more strongly controlled by the largest, ABL-filling ed- ments were conducted during the two BEARPEX (Biosphere
dies of the flow (Wyngaard, 1988). Subsequently the use offfects on Aerosols and Photochemistry Experiment) cam-
fast anemometers in determining based on empirical re- paigns in 2007 (15 August to 10 October) and 2009 (15
lationships with statistical properties of the horizontal wind June to 31 July), respectively. The experiments took place
has developed gradually from both aircraft and tower inves-at the Blodgett Forest Research Station (BFRS) located on
tigations (Liu and Ohtaki, 1997; Oncley et al., 2004; Kaimal the western slope of the Sierra-Nevada Mountains in Cal-
et al., 1982; Kaimal, 1978; Hojstrup, 1982). Although most ifornia (38.9 N, 120.6 W; 1315m elevation). Blodgett is
studies of; by spectral analysis of the winds have been con-a managed forest, mainly consisting of conifer trees (30 %
ducted by aircraft measurements, or limited to open and flabf ground area) dominated by Pinus ponderosa L. with in-
uniform terrain, this technique can be useful in exploring dividuals of Douglas fir, white fir, and incense-cedar, a few
ABL characteristics more widely because of the increasedak trees (California black oak; 2 %), forbs (7 %) and shrubs
prevalence in recent years of the eddy covariance techniquéMazaita and Ceanothus; 25%) (Goldstein et al., 2000;
in making air-surface exchange measurements. Here wdlisson et al., 2005). The canopy around the observation
present the empirical relationships of spectral peak frequencyower during the experiment was relatively homogeneous
and integral length scale of horizontal windsztcabove the  with mean heights of 7.9 m in 2007 and 8.7 m in 2009. The
canopy of a ponderosa pine forest in the California Sierraslope of the surrounding terrain is gentle withr200 m of
Nevada observed during the two BEARPEX campaigns ofthe tower site with less tharf 20 the north, south, and east,
2007 and 2009 under convective conditions. Spectral analybut to the west the slope is steeper varying 0—(I%oldstein
ses and discussions for the stable nocturnal boundary layewt al., 2000). Total one-side projected leaf area index (LAI)
(limited to 2009) are also presented, and shown to exhibit fairof the overstory near the tower was 3.3 and 32fm? in
correspondence with the parameterization recently suggeste2D07 and 2009, respectively. More details concerning the
by Zilitinkevich et al. (2007), which depends on the Coriolis plantation and its terrain are described in Goldstein et al.,
parameter, friction velocity, Obukhov length, and the buoy- 2000 and Misson et al., 2005. During the months of these
ancy frequency directly above the NBL. field experiments, an extremely consistent thermally driven
cross-valley circulation establishes upslope winds (anabatic
southwesterlies) during the daytime, followed by downslope
2 Theory and methods flow (katabatic easterlies) overnight (Dillon et al., 2002).
Observed ABL heights were determined from the vertical
While the vertical winds acutely feel the presence of the sur-profiles of virtual potential temperature, specific ¢ kg™1)
face and thus scale with the height above the ground, ABL-and relative humidity (RH, %), and wind speed and direc-
filling eddies dominate the horizontal wind gusts (Wyngaard,tion measured with the balloon tethersonde (Atmospheric
2010). Although the mean horizontal wind speed is stronglyTechnology Division of NCAR) in 2007 and with rawin-
influenced by the surface, its variability scales with the sondes (GRAW radiosondes, DFM-06) in 2009. Observa-
largest ABL-filling eddy sizes that are confineditdPanof-  tions were made in unstable environments of the evolving
sky etal., 1977). The daytime boundary layer develops as th&oundary layer and in the fully developed convective bound-
surface warms due to solar heating, producing a buoyancyry layer (CBL) (08:06-16:00 PST) in 2007 and further un-
flux, and hence the spectral density in the turbulent kineticder stratified stable nocturnal conditions (20:@5%:00 PST)
energy (TKE) production region correspondingly develops.in 2009. Virtual potential temperature was calculated from
The largest ABL-filling eddy sizes further increase as thethe pressure difference based on a reference pressure of
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1000 mb, and water vapor concentrations measured at thdteat fluxes calculated using the two methods yield slopes of
height. The maximum measurement altitude was constrained.003 ¢2 >0.991) for both. The time series of the winds,
to <1000 m during BEARPEX 2007 due to the physical lim- corrected by the double rotation method, had a linear trend
itation of the tether which trailed upslope in the daytime dueremoved before being converted into spectral density using a
to the prevailing wind. Nonetheless, the relatively shallow fast Fourier transform (FFT).

ABL heights at the site were observable in most of the verti-

cal profiles. Compared to summer continental regions at sim-

ilar latitudes with large surface heat fluxes, low CBL heights 3 Data analysis

are expected at Blodgett, and throughout the entire Central

Valley, due to mesoscale orographic effects (Seaman et al3-1 Observed ABL heights above the canopy of

1995; Burk and Thompson, 1996). Aside from being in- Blodgett Forest

fluenced by strong subsidence in the lee of the Pacific High

throughout the summer months, daytime CBL heights a|ongSeveraI definitions to determine the ABL height for unstable
the western slope of the Sierras are further expected to b ir have been suggested in previous studies based on the ver-

relatively shallow because of the low level horizontal diver- tical profiles of virtual potential temperature and/or its (buoy-
gence induced by the cross-valley thermal circulation as welCY) flux. These include: (1) the height of the heat flux
as advection of; aloft in the prevailing westerlies (Koss- Minimum, which in general, corresponds to the middle of the

mann et al., 1998). The Obukhov length scdlg, (defined capping inversion layer (Sullivan et al., 1998; Wyngaard and
as Lemone, 1980; Zeng et al., 2004), (2) the base of the capping

inversion layer (Barnes et al., 1980), (3) the inversion top

u3d, (Betts and Albrecht, 1987), and (4) the height at which the
—W () virtual potential temperature is the same as the surface tem-
vos perature (Holzworth, 1964; Seibert et al., 2000). As Seibert

is used as a general indicator of surface layer stability, usu®t &l- (2000) point out, however, definition (4) strongly de-

ally expressed as the non-dimensional stability parametef®€Nds on the surface temperature particularly in the absence
ZIL (z/L> 0 stable;z/L=0 neutral;z/L < 0 unstable) (Stull, of a pronounced capping inversion and is not s.trongly related
1988). Hereu, is surface friction velocityd,, is virtual po- to the sha_rp decregse in trage gas concentrations. The sonde
tential temperature is the von Karméan constant = 0.4), data qbtamed in this stu_dy, in fact, often shov_v a strong su-
(w8y), is the surface vertical buoyancy flux i gravita-  Peradiabatic lapse rate in the surface layer without a strong
tional acceleration, and the overbar denotes Reynolds aveff@PPing inversion. Definition (3) is also difficult to apply in
aged valuesu,, and(w'8,); were obtained at the measure- the absenqe ofastrong capping inversion. Thus, in this study,
ment height (12.5 m a.g.l). we determine the daytime ABL height;{ as the middle of

A three-axis sonic anemometer (AT Electronics Inc.) was the inversion layer that lies above the well mixed boundary

mounted on the top of the observation tower (Goldstein et@Yer: as is recommended by Stull (1988). In addition, this
al., 2000) at 12.5m, which is 4.6m and 3.8m above thedeﬁnmon generally corresponds to def|n|t|o_n Q) (V\/ynggard
mean canopy height in 2007 and 2009, respectively, and 3 nind Lemone, 1980). In cases where the middle of the inver-
out from the tower into the (daytime) upwind direction to SIO" layer was difficult to identify, the inversion base (defini-

measure three directional wind-( v-, and w-components) tion 2) was applied as an alternate. Besides virtual potential

and temperature with 10 Hz time resolution. Wind data weret®mperatured,), profiles of specific4) and relative humid-

sampled for 90 min runs for the CBL and 30 min runs for the 1Y (RH), wind speed, the vertical gradient 6f (d6./d2),
stable NBL conditions to conduct the spectral analyses. Thé@nd bulk Richardson numbeRg) are also taken into ac-
winds were corrected by rotating the anemometer axes suchoUNt (o determine the best ABL heigla X from the sonde
that the mean windg, is aligned with the x-axis (stream- measurements. The bulk Richardson number was calculated

wise), and the mean crosswind-¢omponent winds) and Y EG- (2), where), is the mean virtual potential tempera-
vertical winds average to zer@ & 0 andw=0). In order  tUré, andAé,, AU, andAz are the differences @,, U, and

to test that the more sophisticated planar fit method of wingvertica! distance between two adjacent layeré@ m for un-
rotation (Wilczak et al., 2001) was unnecessary for our pur-StéPle air and-4m for the NBL), respectively. Stull (1988)

poses, we calculated rotation angles for a subset of the dat$U99€sts that a value larger than the critical Richardson num-
The angles determined from nearly 2100 30-min data sePer, Ric =0.25, should be used to determine the presence
quences were-0.1° rotation about the y-axis(, and—0.2° of turbqlgnce in a given layer. He e_llso reco_mmends that the
rotation about the x-axigi). For the relatively elevated mea- Probability of clear air turbulence is effectively zero when
surement height and mild convective instability encounterede S larger than 10.25.

in this experiment, such small angles are expected to lead to _

insignificant impacts on the surface stress observations. Ifgj; = _8A% Az )

fact, a least-squares linear fit between friction velocities and 0y ( U)2
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Fig. 1. Vertical profiles of(a) virtual potential temperatur@,), (b) specific (q) and relative (RH) humidit{g) wind speed and direction,
and(d) vertical gradient of, and bulk Richardson number (Ri for 10:23~10:51 of 21 August 2007. Data were obtained with balloon
tethersonde measurements. Horizontal dashed line represents boundary layetheight (

The vertical profiles ob,, ¢, RH, winds,df,/dz andRig vertical profiles ofy and wind. For instance, the vertical pro-
for the tethersonde flight, launched at 10:23 PST of 21 Au-files of 6,, ¢, winds, vertical temperature gradient(/d2),
gust, 2007, are shown in Fig. 1, for example. In this caseand bulk Richardson nhumbeRig) obtained at 01:25 PST of
0, starts increasing at 600 m without significant changes in9 July 2009 are shown in Fig. 2. The surface layer is seen
g and wind speed. At 780m, RH andirastically decrease below 15 m, in which the vertical gradient &f is extremely
with the increase im,, implying the existence of free tro- steep (up to 4K 100mt) due to radiative surface cooling,
pospheric air above. Howeveld,/dz shows a local peak and water vapor and wind speed sharply increase with height,
(~2K100nT1) at 650 m withRig of 11, which represents likely due to the presence of the canopy.
stable conditions, although very largdg is also observed In order to determine the NBL height, the vertical pro-
above 800 m. In addition, nearly constant RH with heightfiles of d9,/dz andRig as well as9,,qg, and winds are ex-
is observed between 600 and 800 m altitude, unlike the veramined. First of all, the wind direction changes fronf 90
tical changes below 600m. The local minimum in wind toward 180 above the NBL height (represented by a gray
speeds also appears at 750 m with comparably less fluctuatashed line in Fig. 2), and the wind speed also increases and
tions above that height. Based on these vertical variationdecomes more variable. Secondly, the vertical gradient of
of observed parameters we determineat 750m. z; for 6, gets close to zero around 80 m, althoudgh/dz strictly
the other tethersonde flights were determined in an analospeaking, becomes 0 only above 120 m. LadRlg below
gous manner and are shown in Table 1 along with the meam0 m represents very stable conditions suppressing turbulent
wind speed ) in the ABL, surface layer stabilityz(L), and  flows (Rig > 1) and nearly neutral above that, implying rem-
friction velocity (u.) for the periods of the tethersonde mea- nant patterns of turbulence which may exist in the residual
surements. The surface layer stability was unstable whenevdayer (Fig. 2d). Considering all the above vertical variations,
tethersonde measurements were conducted even in the earttye NBL height in this case is determined to 80 m. The
morning with values of-z/L ranging from 0.04-0.31. mean wind speed) at 12.5ma.g.l., friction velocity:d),
The NBL height has traditionally been more difficult to dIn(g,)/dz within the NBL, and the .ObUkhOV Ieng_thLI as

. : well as the NBL depths are shown in Table 4 during the pe-
quantify exactly because the stable layer in many cases. : :

: riod of radiosonde measurements in 2009.

smoothly tapers towards the neutral residual layer above
without a distinct marker at the interface. Those difficulties
have led to many definitions of NBL height (Stull, 1988). In
this study, we determine NBL height as the top of the stable
layer, above whicld6/9z =0, also taking into account the
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Table 1. Time of tether sonde flight, measurements conducted during flights, obsgrved, /L, ux, andU obtained from the tower at
12.5ma.g.l

Date Time (PST) Measurements z; (m) —zg4/L Uy U
10:10~10:42 800 0.072 0.71 2.70
12:00~12:24 800 0.097 0.74 2.30

8/18/07 12:25-12:52 950 0.094 0.71 251
14:06~14:2¢ 850  0.095 0.71 2.40
14:28~14:4F 950 0.083 0.71 241
15:55~16:15! 800 0.071 0.58 212
08:18-08:4%2 325 0.037 0.61 2.77
09:55~10:1H 465 0.060 0.73 2.86

8/19/07 10:19-10:3& 625 0.064 0.74 2.96
11:29~11:54 pressure, 700 0.048 0.84 3.40
13:35~14.0% temperature, RH, 850 0.057 0.82 3.16
15:12+15:3¢! wind speed, 800 0.068 0.68 2.58
09:05~09:37 wind direction 450 0.092 0.53 2.20
10:38~11:18 650 0.111 0.61 250

8/20/07 11:18-11:36 850 0.134 0.57 2.40
12:49~13:17 800 0.186 0.58 1.83
14:55~15:22 625 0.137 055 214
16:36~16:561 650 0.119 0.43 1.65

8/21/07 08:35-09:1F 200 0.313 0.32 0.80
10:23~10:51 780 0.162 0.57 1.95
09:30~09:5% 600 0.303 0.43 1.27

8/23/07 11:3712:04 pressure, 550 0.227 052 1.93
12:04~12:2C¢% temperature, RH 600 0.221 055 1.99

6/25/09 13:4 920 0.134 0.60 1.83

7/8/09 17:55 1200 -0.008 0.39 1.48

7/9/09 10:1%  altitude, temperature, 1000 0.063 0.68 2.25

7/9/09 16:38 RH, wind speed, 1100 0.070 0.47 1.52
7/21/09 16:16 wind direction 700 0.062 0.46 1.45
7/22/09 12:25 600 0.091 0.59 1.90

2 ascending measuremeﬁtdescending measuremehlaunching time

3.2 Determination of maximum spectral frequency (normalized by their integral over the frequency band) can
(rnmax) and integral length scale A) be fit by a single curve, and that the wavelength of the maxi-
mum spectral density\f,) scales with boundary layer height

The energy spectrum in the atmospheric boundary Iaye}‘or stable air ¢Z/L > 0) over flat terrain. Oncley et al. (2004)

A S L used these relationships to estimate the stable boundary layer
shows three distinct regions: (1) the energy containing Scal.eﬁeight above a snow surface in Antarctica. In addition, Liu

comprising the_mz_ijorlty of the_ variance which are asso.c"and Ohtaki (1997) proposed that the normalized spectral
ated with the principal mechanisms of turbulence production . .
maximum frequencyn(max) Of crosswinds {-component of

(lowest frequency region), (2) a dissipation range wherein . .
molecular viscosity converts kinetic energy to internal en-WmdS) can be a good estimate of the CBL depth above a sta-

ergy (highest frequency region), and (3) an inertial subrangetlon in the Gobi Desert (flat and open sandy terrain).

where energy is not produced nor dissipated but steadily con- nmnax can be determined by fitting an analytic form sug-
ducted to smaller scales (between the energy containing angested by Kaimal and Finnigan (1994) (Eq. 3), whetre
dissipation range) (Kaimal and Finnigan, 1994). The max-is frequency (3%), n is normalized frequencyu(=f-z;/U),
imum energy in general appears in the energy-containing is the measurement height corrected by the displacement
range of the spectrum because it is related to turbulent kiheight (12.5 md), andnmax is the normalized frequency at
netic energy production mechanisms such as wind shear antthe peak of the spectrum. The displacement height es-
buoyancy forcing. Caughey et al. (1979) showed that the logtimated as 3/4 of the canopy height (5.9 m and 6.5 m in 2007
arithmic spectrum of horizontal wind velocity components and 2009, respectively)Bg is 1/(—1), andr =5/3 for the

www.atmos-chem-phys.net/11/6837/2011/ Atmos. Chem. Phys., 11, 68332011
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Fig. 2. Nighttime vertical profiles ofa) virtual potential temperaturéy), (b) specific (q) and relative (RH) humidit{g) wind speed and
direction, andd) vertical gradient o, and bulk Richardson numbeRig) for the radiosonde flight launched at 01:25 PST of 9 July, 2009.
Horizontal dashed line represents nocturnal boundary layer héight (

power spectrum (Oncley et al., 2004). Although the form sum of low-frequencyy; ) and high-frequencyS) parts for

of Eqg. (3) was derived for stable air, we found that the powerthe unstable CBLS, depends og;, the Obukhov lengthl(),
spectra of the cross-stream winds obtained in the early mornand normalized frequenay; = (f-z)/U, whereasSy only

ing, when the convective boundary layer is not fully devel- depends om=(f-z)/U. However the Hojstrup model does not
oped, is explained well by Eqg. (3) as shown in Fig. 3a. Theprovide a good tool to estimate, because it containg it-
stability parameter-z/L, was observed to be 0.038 at that self embedded within the independent variable. As shown by
time, nearly neutral, andmax (=0.06) is shifted to a lower Hojstrup (1982), the high-wavenumber part is identical to the
frequency than the neutral limit approached from stable conneutral limit from the stable side, and the low-wavenumber
ditions, which was suggested by Panofsky and Dutton (1984part has the form similar to that of Eq. (3). Therefore, we
to benmax=0.16. Considering that the measurements wereused a new fitting curve in order to determine the peak fre-
conducted above a pine forest canopy in sloped terrain, rathequency max) at lower frequencies (smaller wavenumber)
than a flat and open surface, and that the observation waand to describe the observed power spectrum in both the
made under slightly unstable conditions, the shiftgfx is high- and low-frequency regions as expressed in Eq. (4).
not altogether surprising (Hojstrup, 1982). nHmax IS the spectral peak frequency for the neutral limit ap-
proached from the stable side, amglay is the peak in the
low frequency region, which is related tp that we aim to
determine from the fitting.Ay and A are curve fit coeffi-
cients. The best fit was achieved whgn of the model was

As the surface layer grows more unstable, anthcreases  set to 1.5,Ay = 0.8, andnymax= 0.16 (Panofsky and Dut-
due to buoyancy fluxes caused by strong surface heatingon, 1984) which described the observed spectra in both the
nmax appears at progressively lower frequencies. In addi-CBL and under stable conditions above the canopy at Blod-
tion, the power spectrum of the horizontal wind componentsgett Forest. The example of the observed power spectrum of
scales withz;/L andn; = (f-z)/U due to the effects of crosswind velocity, Hojstrup’s model modified by Panofsky

low frequency convective eddies (Hojstrup, 1982; Liu and and Dutton (1984), and the curve obtained by fitting Eq. (4)
Ohtaki, 1997). In such cases the power spectra of the horare shown in Fig. 3b.

izontal winds cannot be described completely by a single

curve that covers the largest scales of motion through the in-

ertial subrange. Hojstrup (1982) suggested the power specnS(n) AL (n/nmax) AH (n/nHmax)

trum for horizontal wind components can be expressed by the ;2 = 7 BL(n/nma’ 1+ 1.5(n/nHma)’ )

”S(”)_ Ao(n/nmax)
02 14 Bo(n/nmax)"

©)
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Table 2. Correlation between observegdvs. integral length scale and normalized maximal spectral frequency.

Linear fit (R2, uncertainty in slope)

2007 only 2007 and 2009
Integral length scale A, =0.14%; (0.55, 6.6 %) Ay=0.14%; (0.43, 7.6 %)
(Av)
Max. spectral freq. Tinax1=6.98x 1072 7; (0.37,6.1%) Yimax1=6.92x 1072-z; (0.42, 5.4 %)

(nmax 1) from Eq. (3)

Max. spectral freq. Bhax2=152x10"1.7; (0.32,8.0%) Umax2=1.66x10"1.z; (0.41, 7.8 %)
(nmax2) from Eq. (4)

10’ : : : : : whereU is the mean wind speed in the mean wind direction,
oj is the variance of variable, R, (¢) is the auto-covariance
function in time, ando, (¢) is the autocorrelation function,
the auto-covariance function normalized by the total vari-
ance. In this study, the integral length scales of the horizon-
tal winds were determined as the maxima of the integrals of
R, (r) or R,(r) as shown in Fig. 4 (Lenschow and Stankov,
1986).

© Observation

——Neutral limit from stable side E

—fitting from Eq. (3) (

103 e pre pre pr e 3.3 Power spectrum and integral length scale of the
n (fxz/U) cross-stream and streamwise wind components at
‘ ‘ ‘ Blodgett Forest

£ Vertical velocity spectra are known to obey Monin-Obukhov
scaling at all wavelengths in the surface layer, depending
. on n=f-z/U andz/L (Panofsky and Dutton, 1984). Although
Kaimal et al. (1982) suggested an empirical relationship be-
i tween the peak wavelengthy) for vertical velocity and;;,
~—fitting curve from Eq. (4) (b) it is limited to the region above the surface layer ().
" ‘ | [Tonoutrallimit from ofable eloe ‘ z <z;). Therefore, vertical velocity was not considered in
10 10° 10° | (fle1l?l-; 10° 10 this study.

Unlike prior results from towers over open and flat terrain
Fig. 3. Power spectrum of crosswinds obtained on 18 August 200797 aircraft measuremgnts (LenS_Cth and Stankov, 1986; Liu
for (a) slightly unstable air (07:3009:00; —z/L=0.038) and(b) and Ohtaki, 1997; Kaimal and Finnigan, 1994), we found the
CBL (12:00~13:30; —z/L=0.094). Gray circles denote observa- v- andu-component winds to exhibit significant differences
tion points, black solid lines represent fitting curves obtained fromboth in the spectral and autocorrelation analyses above the
Egs. (3) and (4), green lines describe the spectrum for neutral limittanopy of Blodgett Forest, particularly in the unstable CBL.
from stable side witio = 0.8 andnmax=0.16, and gray solid line  The power spectra and integral length scales of the cross-
shows the result of Hojstrup’s model with L=-70.1 aBd=950m.  stream winds showed similar patterns under unstable condi-
tions to those found in previous studies, in that (1) the shape
of the power spectra under very slightly unstable conditions

scale (A) which can be derived from integral time scales us- is similar to that of the neutral limit of stable air proposed by

) \ - . Panofsky and Dutton (1984) and Kaimal and Finnigan (1994
ing Taylor’s frozen turbulence hypothesis as shown in Eq. (5)With a ;}:ift of spectragl peal)< to the lower frequen?:y rt(agion)
(Kaimal and Finnigan, 1994), '

which is expected for the neutral limit from the unstable

——Hojstrup's model

O observation

Another method of estimating involves the integral length

— 00 side (Kaimal et al., 1972), and (2) the spectral density at
U — S : .
Ay = —2~/Ra(t)dt= U'fp"‘ (r)dt (5) lower frequencies is augmented in the CBL, accompanying
Ou 0 0 an increase in the integral length scale. On the other hand,
the lower frequency part of the power spectrum for the
Ry(t)=a'(x)a/ (x +1) (6) component (streamwise) winds does not change much both
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Fig. 4. Example (12:06-13:30 18 August of 2007) dfa) autocorrelation ob-component wind an¢b) corresponding integral of autocor-
relation, F(r) = jg pv(r)dr'as a function of distance lag:j, which was derived assuming Taylor’s frozen turbulence hypothesis. Integral
length scale was taken &Xr)at its first maximum.

in spectral density and the frequency of the spectral peak, . : : : : -
showing nearly identical patterns to the neutral spectrum ob- i
tained in the early morning (Fig. 5). One possible expla- 1|
nation for the difference is that thecomponent horizontal — ~y |
wind behaves differently flowing uphill in complex terrain. 2 ",
Large eddies in the low frequency part of the spectrum adjust & |
more slowly to changing terrain than the high-frequency ed- 12

® Aug. 19 07:30~09:00 o
—fitting for 07:30~09:00
O Aug. 18™ 12:00~13:30

dies, resulting in deformation of the spectra. Bradley (1980) [ o ° —fitting for 12:00~13:00
reported that the energy in higher frequency regions remains 10:04 s s . I
the same as over uniform terrain, but lower frequency energy n (f2/U)

decreases, particularly affecting the frequency of the stream-
wise component in mountainous terrain. In addition, usingFig. 5. Power spectra of the-component wind obtained un-
wind tunnel measurements Britter et al. (1981) showed thagler slightly unstable conditions (black circles; 07:3®:00 of
streamwise turbulence intensity decreases with the distanc&® August) and in fully developed boundary layer (gray squares;
to the top of the hill. Panofsky et al. (1982) also found that, 12:00~13:30 of 18 August). Black and gray solid lines represent
in adjusting to a changing surface, lower frequency power Offlttmg curves for slightly unstable air and CBL, respectively.
the streamwise wind was reduced in the uphill direction only.
Panofsky and Dutton (1984) explained that this is presum-
ably due to horizontal divergencd(/dx) in the upslope July, 17:55 in 2009), which are marked by white and black
motions, which dampens eddy vorticity, and “smears out”dots in the plot, The autocorrelation function typically de-
the structure of the largest eddies. This loss of low frequencycreases rapidly with lag distance from 1rat0 to below
power in the uphill, streamwise wind appears to preclude itszero and then fluctuates around zero, indicative of a random
use in determining; at Blodgett Forest as we observed poor relationship as shown in Fig. 4. However, the autocorrela-
correlations ofA andm, with z; for theu-component winds.  tion functions for the exceptionally high, values (three ex-
We therefore only consider the cross-strear) (vind com- cluded data points for 2007 measurements in Fig. 6a), exhibit
ponent in the following analysis. an extraordinarily long tail well above zero, which appears
when a secular trend in the time-series is not completely re-
moved. Although; appeared to be quite high-£300 m) at
4 Comparisons of A and nmax With z; over the canopy  17:55 of 8 July 2009, the surface heat flux was measured to
of Blodgett Forest under unstable conditions be negative, meaning that turbulent buoyancy production had
ceased by then and the ABL was already in transition. Thus,
A comparison plot between, and observeg; both for2007  we also excluded that data point from the analysis. The lin-
and 2009 measurements is shown in Fig. 8a.exhibits a  ear fits were obtained by the least squares method and are
reasonably strong correlation with (R2=0.55 for 2007  shown in Table 2. Oncley et al. (2004) used the relationship,
and R? = 0.43 both for 2007 and 2009 measurements) ex-A, ~ Ay = 0.45z; to estimatez; over flat and open snow
cluding four data points (18 August, 11:3@3:00, 19 Au-  cover at the South Pole under unstable conditions, which
gust, 11:06-13:30, 20 August, 08:3010:00 in 2007, and 8 was suggested by Lenschow and Stankov (1986) based on
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largest scales of the streamwise, upslope wind as discussed

350 ° :
(@) in Sect. 3.3.
% 300 ° o ] Normalized frequencies of ABL-filling eddies, determined
= 250 O ] both from Egs. (3) and (4)hax1 andnmax 2, respectively),
g R7=0.55 for 2007 also show good agreement with the corresponding observed
g 0 e H | z; as shown in Table 2 and Fig. (6b, c). The one data point
£ 150 . collected near dusk of 8 July 2009 was excluded from the
Eﬁn o | - O ] spectral fit analysis for the same reason explained above. The
£ O .: O L slope of the linear fits obtained from the least squares method
. ul ] for both A, andnmax from 2007 are altered less than 7 %
when 2009 data are included in the analysis. Given that the

0 200 400 600 800 1000 1200 1400 o
ABL height (m) uncertainties of the slopes between obseryezhd all three

100 : — turbulence parameters under considerati®p, ¢zmax1, and
nmax2) are less than 8% (Table 2), these relationships can

R?=0.37 for 2007 L
R?=0.42 for both 2007 and 2009

(b)

80f o ] generally be applied to estimate at least during the sum-

mer season of both 2007 and 2009. It further bears men-
tion that because the spectral maxima in the daytime CBL
are located at scales of order 1000 m, which corresponds
to ~5min for typical surface winds at Blodgett Forest, this
type of analysis does not require the high rate performance
of a sonic anemometer and could, in principle, be obtained
i . . . . l , with averaged 1s, or possibly even 30s, data. Similar at-
0 200 400 600 800 1000 1200 1400 tempts were made by Contini et al. (2009) over flat-terrain
ABL height (m) . . . . .
in a coastal site of the Salentum peninsula, in Italy with a
= a . focus on the:-component winds. These authors report that,
(©) s} E3ETO 1 among the methods they applied, the spectral method showed
250l ] the best correlation (correlation coefficient=0.90) with ra-
diosonde results. However, it should be noted that their com-
parison includes both unstable and stable conditions which
W could lead to a better correlation providing more data points
at both ends of the range of boundary layer heights, but
that their selection of spectral peaks was performed subjec-
tively (by eye). Based on the regression relationships ob-
ST—Z001 007 TetDr 80D 1000 AD0T TiAGD tained above, daytimg was calculated for the entire period
ABL height (m) of the BEARPEX study in 2007. A timeseries of estimated
z; and corresponding observations is plotted in Fig. 7a for
Fig. 6. The comparison of observed ABL height ¢a) integral unstable conditions (07:3@7:30) during the period span-
length scale 4), (b) 1/nmax1 and(c) 1/nmax2 for the cross-  ning the tethersonde measurements. The estimates/Arom
stream component| of the wind, whereimay1 andnmax2 are  tend to result in higher values particularly in the morning
normalized spectral peak frequency obtained from Egs. (3) and (4)compared to both the observations and the estimates from
respectively. Black circles represent data for I_E%EARI_DEX 2007 andnmax_ Nonetheless, the mean diurnal patterns of all the esti-
g;ag Z(rq]léares fI(?r 2009. Black lines denote the linear fit only for 2007mates fromAy, Nmax1, andnmax for the 6 day tethersonde
gray lines for the whole data points except those marked b easurement period describe the average observations fairly
black and white dots. Detailed results are also presented in Table 2. P
well as shown in Fig. 7b. It also appears that both the fully
developed CBL heights and their temporal evolution of diur-
nal growth and decay are captured by the spectral estimation
aircraft measurements over the ocean and Eastern Coloradtechniques. The ABL height can also be estimated with a
The relationship obtained over the pine forest in this studysimple slab theory for the intrusion of the mixed layer, topped
was found to beA, = 0.145. z; with a slope uncertainty of by a constant inversion strength, into a stably stratified free
6.6 % for 2007. In addition, Lenschow and Stankov (1986)troposphere above (Eqg. 7). This is sometimes referred to as
reported ratios ofA,, to Ay near unity. However, this ratio an encroachment model (Batchvarova and Gryning, 1991),
in our study ranged widely from near unity in the morning and is presented in Fig. 7b for comparison.
to ~0.3 (10 =0.15) in the afternoon during the period of
the tether-sonde measurements. These variations are con-
sistent with terrain effects that preferentially suppress the

60

max, 1

£
— 40

C]

20
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——encroachment model . . . .
£ 1y00.. |_* observations i Fig. 8. Monthly mean diurnal patterns of estimated ABL heights
2 . . .
2ol i during the BEARPEX 2007 and 2009 campaigns. The NBL height
%l | is the mean value (67m) obtained from radiosonde measurements
z conducted during BEARPEX 2009. White circles and asterisks rep-
Nl | resent the monthly mean estimatezpffor August and September
L= e R 4 . . .
o ¥ e in 2007, respectively, and white squares and stars for June and July
= F 1 in 2009.
o \ s s ‘ s

12
Hour of Day

Fig. 7. (a) Time-series andb) mean diurnal patterns of estimated 2000). Morgover, no model .is ab.le to account for the ef-
z; and corresponding observations during the tether sonde measuréecCts of subsidence or advectlon_ ‘_’V'thOUt Some_kr!ovv_ledge of
ments from day 230235 (18 August 200%23 August 2007) for ~ these mesoscale/synoptic conditions. These limitations pre-
unstable conditions (07:3017:30). Gray circles represent es-  vent routine estimation of; with localized surface measure-

timates fromA,, white squares estimates fromax, 1, and black  ments, which underscores the importance to the results of
triangles fromnmax 2. Red asterisks denote the observations andthis study.

thick gray splld line represents the result of an encrogchment model The monthly mean diurnal patterns of the estimated atmo-
expressed in Eq. (7). The values in parentheses within the legend

show the correlation coefficients between diurnally averaged esti-sD_herIC boundary layer height are shown in Flg,' 8. The mean
mates from each method and the observations. z; inthe well-developed CBL (10:0016:00 PST) is 780 min
August and 640 m in September of 2007. For June and July
of 2009, the estimated mean daytimds 790 m and 800 m,
respectively. A Kolmogorov-Smirnov (KS) test was applied
to verify that the differences in the distributions of daytime
between the four months are statistically significant. jll
Assuming an entrainment heat flux of 20 & Of the surface  values for September of 2007 vs. the other three months were
heat flux Qo), y» is the free tropospheric lapse rate above «0.01, indicating a significant difference i On the other

the boundary layer, ang andC,, are the density and spe- hand,p-values among the other three (summertime) months
cific heat capacity of air, respectively. With the calculated were>0.01, indicating similar distributions ify within a 99
growth rate of the boundary layedZ/dt) based on the ob- % confidence level. The decreaseinn September is likely
servations ofQg andyy, the boundary layer height at time the result of variations in solar radiation and precipitation

t was integrated in 1-h time-steps, assumidgandy, are  which tend to reduce surface sensible heat fluxes on a sea-
constant for the hour. The initia} was set as the mean ob- sonal scale (Table 3). While the slab model employed here
served for 08:0809:00. The model results are presented asis admittedly crude, any model estimate would necessarily
the gray solid line of Fig. 7b. The encroachment model cap-neglect the regional subsidence, which we suspect is one of
tures the growth of; throughout the late morning but fails the principal causes for the relatively shallow boundary lay-
to reproduce the fully developed boundary layer heights aters observed at the site. Aside from the strong subsidence in
this mountainous site. Although other, more sophisticated the lee of the Pacific High that dominates California weather
growth rate models exist, some explicitly addressing sheaduring the summer, local subsidence may be induced by sev-
production of turbulence or varying inversion strength anderal other processes acting in concert. First, anabatic winds
summarized, for example, by Seibert et al. (2000), mostgenerally bring cooler valley air upslope (Kossmann et al.,
needy, and the initial condition ot; to calculate bound- 1998) driving surface cold advection, and second divergence
ary layer heights. In addition, the coefficients in the equa-of the low-level mountain/valley flow leads to mesoscale
tions given in the literature differ considerably (Seibert et al., subsidence (Burk and Thompson, 1996). Moreover, some

dzi _ (A+)Qo @
dt  yppCpz
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Table 3. Monthly mean, median, and standard deviation of esti- ences by external intermittency and non-turbulent phenom-

mated atmospheric boundary layer heights for unstable condition€n@ Such as meandering or wave motions that produce non-

(10:00~16:00) during the whole BEARPEX period both in 2007 Stationarity (Contini et al., 2009). Figure 9 shows four differ-
and 20009. ent types of power spectra for the cross-stream wind and tem-

perature during the period of radiosonde measurement (Ta-

Estimated Boundary Layer Heights, (m) ble 4). The power spectra for thecomponent wind in gen-
eral show conformity in shape and spectral peak with those
for temperature in all cases. In groups | and Il (Fig. 9a, b),
Mean 783 639 786 801 the maximum spectral density appears between normalized
Median 758 o83 11 07 frequencies @ ~ 1 with lower power in the lower frequency
1o 299 295 371 375 ! . ) . -

region, similar to typical spectra in the neutral limit of the sta-

ble surface layer. Conversely, the density of the cross-stream

winds in the lower frequencies of group Il and IV (Fig. 9c,

component of the free-stream, geostrophic flow above thed) tends to keep increasing. In addition, the frequencies at

ABL is directed downward in the local wind coordinates p??'.(. §pectra| density in group | an_d ”.I matcr_n the Brunt-
along the slope’s face. The shallow afternoon ABLs ob- Y &isila frequency Figy) aboveh, which is obtained from

served in spite of strong surface heating (median midday sent-he soundings by Eg. (8). However, peak spectral frequen-

sible heat fluxes- 350 Wn2), apparent in Fig. 7b by com- cies of the cross-stream winds in group Il appear at higher
) . ' " frequency than the temperature speci¥gy above the NBL

parison with the slab model results, are most likely the resultCorres onds to the temperature spectral peaksaggdof the

of these diverse mechanisms that promote subsidence of thé. P b P peaxuag

inversion height. For simplicity, the NBL height in Fig. 8 is winds matches th&/ay within the NBL. Group IV spectra

: show similar patterns between cross-stream winds and tem-
assumed to be the average of the observations from 2009. ; ;
perature, but their peaks are found at very low frequencies

and do not match either th€gy above or within the NBL.

5 Boundary |ayer he|ghts «l) and power spectra of Interestingly, hlgh spectral density in the lower frequency re-

cross-stream winds in the stable nocturnal boundary ~ gion (group lll and 1V) seems to be related to lower friction
layer (NBL) velocity as shown in Fig. 10, and the surface stability was

even slightly unstable for group IV (negativg. However,
During the BEARPEX 2009 campaign (15 Jus20 July  no observable difference in the mean wind speeds between
2009), observed nocturnal boundary layer heighisgnged  groups is observed.
from 55~80m (average of 67 withd= 7 m), contained a
strong above canopy inversion, and tended to be in approxi- gde dIno
mate steady-state throughout the night (Table 4). Consider8v = Vodz V gd_z (8)
ing the accuracy of the temperature sensgd.g°C), which
gives rise to 0.05 K m! uncertainty indd/dz the measure- Because buoyancy in stably stratified environments sup-
ment uncertainty irk resulting from the temperature gradi- presses turbulence of the largest eddies the strongest, de-
ent is estimated to b&20 m when combined with possible tection of low-frequency temperature oscillations would be
altitude error &10 m). Howeverj: was determined by con- a good indicator of the existence of internal gravity (buoy-
sidering additional parameters such as humidity, winds, andincy) waves. In fact, distinct oscillations in the time series
Richardson number. Thus, we expect that the actual error if temperature were often found at night. The temperature
theh measurement used in this study is considerably smallerpower spectra, moreover, show similar patterns to those of
especially disregarding systematic errors which might notthe cross-stream winds at night, supporting the idea that the
contribute to the observed variability. In general, the sur-horizontal winds are strongly influenced by buoyancy waves
face friction velocity and mean wind speed measured at then the NBL over Blodgett Forest, and therefore are not easily
top of the observation tower (12.5ma.g.l.) were relatively used to infer NBL depth. Considering that in most cases the
small (0.11 and 0.94 n1$, respectively) compared to day- frequencies at the peak spectral density both for temperature
time values for the period of radiosonde measurements (0.52nd wind appear to be related Ay to some degree, inter-
and 1.74 ms?, respectively). The relationships obtained for nal gravity waves are most likely dominating the nighttime
unstable conditions during the daytime (Table 2) were notspectra of both variables, because internal gravity waves are
able to successfully prediét mainly due to the differences maintained by the dynamic balance between static stability
in characteristics of turbulence between the NBL and CBL.(buoyancy) and inertia (Wu and Zhang, 2008). Internal grav-
More to the point, bothA andnmnax did not show any cor- ity waves are found to be most prevalent in stably stratified
relation withz. Similar difficulties in the determination of layers like the NBL, induced by strong wind shear, flows over
spectral maxima were encountered by Contini et al. (2009)topography, and buoyancy and adiabatic cooling/warming ef-
In their study these difficulties were attributed to the interfer- fects (McNider, 1982; Wu and Zhang, 2008; Zilitinkevich

Aug (2007) Sep (2007) Jun (2009)  Jul (2009)
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Table 4. Radio sonde launching time, observed nocturnal boundary layer haigrsuiface friction velocity i{x), mean wind speed))
at z; of 6m, lapse rate of virtual potential temperature abbuel(In9)/dz), and Obukhov lengtiiL). Nighttime spectra of the-wind

component and temperature are grouped according to their shapes and peak spectral frequencies.

Flight time (PST) & (m) Use U d(Ing)/dz L  Spectral
(m-1) group
6/22/09, 23:00 65 0.09 0.33 2.53107° —-4.7 |
6/23/09, 22:56 70 0.13 1.37 3.4110°° 12.3 |
6/23/09, 23:19 75 0.15 1.59 6.8510~° 135 |
6/25/09, 03:57 80 0.19 1.56 3.6410°° 20.8 1]
7/09/09, 01:25 80 0.08 0.74 1.6010°° 101 1
7/14/09, 19:52 70 0.06 0.67 9.6310°% -13.7 v
7/15/09, 05:51 65 0.08 1.04 4231005 -28.1 1l
7/17/09, 00:53 65 0.16 0.89 5.3410°° 11.0 1]
7/21/09, 21:41 55 0.05 0.96 95010~/ -231 v
7/22/09, 02:41 60 010 069 2.%10° 152 |
7124/09, 23:55 80 0.05 0.45 1.13210°° 36.8 1l
7/29/09, 07:17 65 0.23 1.05 3.1310°° 112 1]
Mean (b) 67 (7) 0.11 0.96 2.9510°°
(0.06) (0.46) (1.9% 107°)
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© (a) 772212009 02:45 *"Xs:jaz ; " ongnTun
ORI e - — Ny, within h & o VIR Lt
w " - /' : L __N_ above h » 107 yan' Ty ne Q~.\ "a
2 r " w / o| "nmg B £ ."/ -\‘ /‘ . "u
5 107 . P "a 5 o AN n
e 3 Vs Seq ey L2 e
% 107 o ,"" Se, - z 10 (b) 711712009 00:45 S,
O - ‘1‘ wn” f -
é 3| "~, é 10-3 . ) ) )
S 107 107 10° 10 102 10° 107 10" 10° 10" 10
n (f-z/U) n (fz/U)
Lo SN thz
L N
’5_ 100! " u (c) 711512009 05:45 @h i .-_ (dl) 711412009 19:45
é -1 e - .f!\..,; '/-\‘\:..II.I é 1007 - L]
5 10" ‘e | " oo’ "a 5 P TS U
s ./ tee, "a, ) . fRass Moo S
E‘ 10.27 . .,‘\.‘ é 10_27 - g .
»n” *e @ R
g 10 . . o 2 . ‘ ¢
10° 102 10" 10° 10' 10° 10° 107 10" 10° 10' 10°
n (f-z/U) n (f-z/U)

Fig. 9. Power spectra of crosswinds and temperature under NBL conditions during BEARPEX 2009. Black circles represent temperature
power spectrum normalized by the variance of temperature and gray squares denote the power spectruoooifitbeent wind normalized

by friction velocity squared. Black vertical line denotes Bruriiddla frequency §gy) above the NBL and gray dashed line shagy,

within the NBL. All spectra obtained in 2009 show four different patt€e)group I,(b) group Il,(c) group Ill, and(d) group IV according

to spectrum shape and the position of peak spectral frequency as explained in text. In general, spectral peak of the cross-stream winds ten
to correspond to both the spectral peak of temperature.

et al., 2009), and they are known to contribute to the trans+esults. Considering that the predominant wind at Blodgett
port of moisture, momentum, and heat, and eventually to enforest is a mesoscale mountain-valley wind system, inter-
hance mixing within the NBL (Wu and Zhang, 2008; Zil- nal gravity waves at the site are likely to be produced by
itinkevich et al., 2009). Chemel et al. (2009) show that in- the katabatic flow and could play an important role in mix-
ternal gravity waves are generated by the katabatic flow oveing within the NBL when turbulence is weak. However, the
an alpine valley with a period of7 min from their model origin and characteristics of the internal gravity waves are

Atmos. Chem. Phys., 11, 6833853 2011 www.atmos-chem-phys.net/11/6837/2011/



W. Choi et al.: Estimating the atmospheric boundary layer height 6849

beyond the scope of this study. Enhanced spectral density in

0.25 20
the lower frequency region shown in groups Il and IV seems -
to be caused by mesoscale motions other than internal gravity o | _ . l1s _
waves. g ) 11 £
> ] T
£ 0.15 | 12 g
h=ayu./f 9) 2 &
h= az+/ M*L/f (10) _% 0.10 08 E
h = azu/ Ny (11) 0.05 - 1oa4 =
: H
N .00 L5 ;
2 f . |3\/f2+ 2f (12) 0.00 i . 0.0
h (CRrus) (Cenus) (CNSKU* L) o

Previous studies have suggested that nocturnal boundanyig. 10.Bar plot of friction velocity () and mean wind speed/(
layer heightsk) can be scaled with a combination of surface according to groups which are categorized based on the spectral
friction velocity (u4), Obukhov length L), Brunt-Vaisala shapes for crosswinds and temperature, and conformity Mgt
frequency (Vgy) above the NBL, and/or the Coriolis pa- Open white bars represent friction velocity and gray bars denote

rameter () as expressed in Egs. (9)-(11) (Caughey et al.,méan wind speed.

1979; Kitaigorodskii and Joffre, 1988; Seibert et al., 2000;

Zilitinkevich, 1972; Zilitinkevich et al., 2007). However, 210

the constanta; ~ a3 vary significantly in the literature with :gg | :

a1 =0.07~0.3, a2 =0.3~0.7, andaz = 4 ~ 14 (Caughey 100

et al., 1979; Seibert et al., 2000). The direct comparisons O Zilitinkevich etal. {2007) o
betweeni and all corresponding parameters expressed in 90 4 ‘m E?ﬁ?&?ﬁfﬁﬁﬁ!gﬁiﬂns

Egs. (9)—(11) showed poor correlations with the fixed val- 80 | linear fit for squares (R\=0.50)

ues of coefficienta; ~as (linear correlation coefficient; =

0.25 betweer: andu./f, ro =0.01 for h versusy/u,L/f,
andr3=0.10 for 2 andu,/Ngy). Because observedvar-

ied within a narrow range @.=7 m) during the measurement
period, the variations in scaling parameters might not be sen-

Calculated h (m)

70 1
60 1
50 ¢

. . -0
sitive enough to the changesl/irio be useful. In other words, ) -0 8
diagnostic equations fdr are too simple or general to detect 30 | ‘ ‘ ,
the small variations, less than 10 m/inNevertheless, with 50 60 70 80 20

the mean values of, u,, L, and Ngy observed during the
radiosonde measurement periods, the mean coefficignts
ap, andasz are 0.074, 0.4 and 11.5, respectively.

Observed h (m)

Fig. 11. Comparison of observed NBL heights)(with calcu-

Zilitinkevich et al. (2007) suggested a more Comprehen_lated NBL height. Calculatedl was obtained from Eq. (12) with

sive diagnostic equation as expressed in Eqg. (12), wher&

Cr=0.6, Ccny=1.36, andCns = 0.51 according to the
authors’ recommendation. Equation (12) describeas
weighed to the smallegt predicted for truly neutral, con-

R=0.6, CCN=1.36, CNS=0.51 (white circles) recommended by
Zilitinkevich et al. (2007) and CR=0.6, CCN=1.25, CNS=0.9
(gray squares) modified in this study. Black short-dashed line rep-
resents the best linear fits for white circles with the slope of 0.69
(R%2=0.67) and gray solid line for gray squares with the slope of

ventionally neutral and nocturnal stable regimes with empir-g g9 (2 — 0.50). Black square and circle were not included in lin-
ical C values obtained by large eddy simulation (LES) andegar fit calculations.

direct numerical simulation (DNS) over a smooth surface.
Among the 12 soundings under consideration here, 4 data

points have negative, meaning the surface static stability is lessi than observations (the slope of the best linear fit is
near neutral. Those data are excluded in the comparison with.69 forcing y-intercept to zero) with the recommended con-
Eqg. (12). The 1:1 comparison of Eq. (12) to observationsstants of Zilitinkevich et al. (2007). £ =0.6, Ccn = 1.25,
shows a linear relationshigR€ = 0.67), excluding one data andCys= 0.9 are used instead, the calculatethatches the
point (29 July 2009, 07:17) that shows a significantly larger observations quite nicely with a slope of the best linear fit
value than the others due to extraordinarily higher friction ve-of 0.994 (®? = 0.50) in the 1:1 comparison plot (Fig. 11).
locity (Fig. 11). The excluded data point was obtained in theHowever, the limited data and small variation of NBL heights
early morning, near the transition from stable to unstable surobserved in this study make it difficult to draw any definite
face static stability and the winds were also rapidly changingconclusions concerning the estimate of NBL heights using
from katabatic to anabatic flow. Equation (12) yields 30 % these diagnostic equations.
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Fig. 12. Mean vertical profiles ofa) wind speed (ms?) and(b) wind direction ¢), obtained with radiosondes during BEARPEX 2009
campaign with heights from 1000 m to 4500 m. Gray stars denote the nighttime mean values (4 profiles launched~63@Dpand
white circles represent mean daytime profiles (8 profiles launched between-17:00) during the BEARPEX campaign in 2009.

6 Thermal wind above the atmospheric boundary layer  aloft shown in Fig. 12. Such an elevated shear layer near the
ABL top could enhance entrainment by producing mechani-
Although the ABL winds are strongly influenced by the cal turbulent kinetic energy. In addition, consistent souther-
thermally induced mountain-valley circulation which drives lies aloft likely supply air to the entrainment region above
steady west-southwesterlies that gently veer throughout th@lodgett Forest that is heavily influenced by anthropogenic

day, a layer of southerly flow was consistently observedsources from the southern Central Valley of California.
both day and night during the BEARPEX campaign in 2009

(Fig. 12) above the level of the daytime ABL-{500 m). )
Continuing up from this layer the winds veer toward the pre-/  €oncluding remarks
vailing geostrophic southwesterly flow. Such gradients in

the geostrophic wind imply a baroclinic lower troposphere, . : .
in which air density depends on both temperature and pres(Zi) using the peak frequency n the low-frequency region of
he power spectrum and the integral length scales of cross-

sure (i.e. the isotherms are not parallel to the pressure fieldé’t inds derived f . t ted
(Fig. 13). This vertical shear of the geostrophic wind is called ream winds derived from sonic anemomelry are presented.
he estimates based on surface tower data show reasonably

the thermal wind because it is a consequence of horizontaT

temperature gradients (Holton, 2004), in this case the resulgood agreement with observations under unstable conditions

of intense surface heating of the Mojave/Sonoran desert reovera ponderosa pine forest located on the western slope of

gion to the southeast of Blodgett Forest. The difference inthetS:jeLra'NEV?\sa' A![tr:10ugh tthelemp|r|catl relatrlr(‘)jgsrgps re-
the geostrophic wind speeds can be estimated using Eq. (132,or ed here between he spectral parametersamay de-

whereVy is the geostrophic windRq is gas constant for dry end O': I?hcatltaopogr?phyl and land use pattfm?’tr:h'li st_udy
air, f is the Coriolis parametey is pressure, an®,T is suggests that (he surface-1ayer measurements of the horizon-

temperature gradient on an isobaric surface: tal winds can p""?ce useful gonstrging Qneven over com-
plex sloped terrain. Further investigation of these scaling re-
lationships will be required to determine if the empirical co-
Po efficients obtained over the sloped forest terrain of the Sierra
*> Nevada are in fact universal, or how they might depend on

In this study estimates of atmospheric boundary layer height

R4
Vg(p1) — Vy(po) = 7V1;T -In <

P1 1 >
287 kg 1K1 1K 200mb specific surfacg properties. A noteworthy result from the
= In present study is that the spectral peaks of the streamwise,
9.2x105s1 158 km 600 mb . L .
uphill winds were found not to vary significantly in response
=30ms*t (13) to ABL growth and decay and therefore could not be used to

predictz; reliably.

Using the approximate mean temperature gradient from In stable NBL environments, the power spectra of hori-
Fig. 13 (Kalnay et al., 1996) across a nominal depth fromzontal winds and temperature appeared to be strongly influ-
~1700m to~3000ma.g.l. (700 to 600 hPa), Eq. (13) yields enced by internal gravity waves and possibly other mesoscale
a change in the geostrophic wind speed of 3.0 sThis mountain effects, exhibiting spectral peaks in the vicinity of
calculation is roughly consistent with the observed windsthe Brunt-Vaisala frequency. Although the NBL height was
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Fig. 13. Mean (a) geopotential height field at 500 mbar and
(b) isotherms at 850 mbar during BEARPEX 2009 campaign (15
June~30 July 2009). The x-axis is longitude (129V~105° W)

and y-axis is latitude (3ON~45° N). Black circle represents the
location of Blodgett Forest. Image provided by the NOAA/ESRL
Physical Sciences Division, Boulder Colorado from their Web site
athttp://www.esrl.noaa.gov/psd/

6851

Based on the relationships for unstable air obtained from
the comparison between spectral analyses and observations
during BEARPEX 2007 and 2009, the monthly mean di-
urnal patterns of the estimated atmospheric boundary layer
height are presented in Fig. 8. The estimated mgam the
CBL environments (10:0016:00 PST) is 780-800 m in Au-
gust 2007, June, and July 2009, and 640 m in September of
2007. The monthly variations in the fully developed CBL
depths most likely resulted from variations in solar radiation
and precipitation which tend to reduce surface sensible heat
fluxes during the transition from summer to autumn. Con-
sistent southerly flow (166-220°) above the ABL top was
observed during BEARPEX 2009 during both day and night.
This vertical shear likely results from a thermal wind gen-
erated from the intense heating of the inland desert of the
Southwestern US. The thermal wind could possibly enhance
entrainment into the CBL during the day, and likely trans-
ports air that is influenced by anthropogenic sources through-
out the Central Valley.
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