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Abstract

Observations from two coherent Doppler lidars degptbduring the Pentagon Shield field campaign
are analyzed in conjunction with other sensordracterize the overall boundary-layer structune, a
identify the dominant flow characteristics duritg tentire two-week field campaign. Convective
boundary layer (CBL) heights and cloud base heifdBH) are estimated from an analysis of the lidar
signal-to-noise-ratio (SNR), and mean wind profdes computed using a modified velocity-azimuth-
display (VAD) algorithm. Three-dimensional windlfieetrievals are computed from coordinated
overlapping volume scans, and the results are a@a@llyy visualizing the flow in horizontal and vedt
cross sections.

The VAD winds showed that southerly flows dominadieding the two-week field campaign. Low-
level jets (LLJ) were evident on all but two of thights during the field campaign. The LLJs tentted
form approximately two hours after sunset and redehaximum strength between 03 and 07 UTC. The
surface friction velocities show distinct local nmaa during four nights when strong LLJs formed.

Estimates of the convective boundary layer heighltrasidual layer height are obtained through an
analysis of the vertical gradient of the lidar SNFRong minimum in the SNR gradient often develops
just above the surface after sunrise. This mininsiassociated with the developing Convective
Boundary Layer (CBL), and increases rapidly dutimgearly portion of the daytime period. On several
days, this minimum continued to increase until actbsunset. Secondary minima in the SNR gradient
were also observed at higher altitudes, and areveel to be remnants of the CBL height from presiou
days (i.e., the residual layer height).

The dual-Doppler analysis technique used in thidysmakes use of hourly averaged radial velocity
data to produce three-dimensional grids of thezootal velocity components, and the horizontal edyo
variance. Visualization of horizontal and verticedss sections of the dual-Doppler wind retriedisn
indicated a jet-like flow feature over the PotorRicer under southerly flow conditions. This lindw
feature is roughly aligned with the Potomac Rivaridor to the south of the confluence with the
Anatostia River, and is most apparent at low letiets, below ~150 m MSL). It is believed that tHisw
occurs due to reduced drag over the water surfadevhen the large scale flow aligns with the Potoma
River corridor.

An area-constrained VAD analysis generally confurtiee observations from the dual-Doppler
analysis. When the large-scale flow is southeripdvwspeeds over the Potomac River are consistently
larger than at a site just to the west of the rfeerltitudes less than 100 m MSL. Above this letlee
trend is somewhat less obvious. The data sugdestsiie depth of the wind speed maximum may be
reduced by strong directional shear aloft.
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1.0 INTRODUCTION

The Pentagon Shield field campaign was conductétkiwwashington DC area during the first two
weeks of May 2004 (Warner 2007). The primary gdadhis field campaign was to improve the
understanding of micro-scale pollutant transpod dispersion in a complex urban environment, with a
emphasis on dispersion in and around the Pentdglamge number of instruments were deployed as part
of the field campaign including two Doppler lidafis study focuses specifically on the analysidath
acquired by the Doppler lidars.

The lidars were deployed and operated to enablelRiyapler post-processing of the data (Collier
2005). These systems were configured to performatep volume scans throughout the two-week field
campaign. The focus of the current study is tothealata from the lidars, in conjunction with other
sensors to:

1) Characterize the overall boundary-layer structure
2) Generate highly resolved wind retrievals from taleDoppler lidar scans

3) Analyze the results of the dual-Doppler retrievabrder to understand the dominate flow
characteristics over the study area during thd fiaimpaign.

There were a total of five Intensive Operation &dsi(IOP) conducted throughout the two-week
Pentagon Shield field campaign. These IOPs typictfirted a few hours before sunset and continued
into the early morning hours. Unfortunately, onehsf lidars, the Army Research Laboratory system,
experienced frequent periods of degraded perforegarticularly at night. This system often did not
function well during IOPs. There were, however, ynhaurs of valid measurements from the Army
Research Laboratory lidar during non-lIOP periodsrder to exploit as much valid data as possthls,
study examined data from the entire two-week faggloyment, without regard to specific IOPs.

In Section 2 we describe the instrumentation, depént locations, and scan strategies. Section 3
describes lidar data quality control proceduredpuiiing pulse monitor and SNR thresholds, filteriag
identify and reject hard target returns, and Doppddocity measurement precision estimation. Inti&ac
4, lidar data and surface flux measurements are taseharacterize the boundary layer during theeent
two-week field campaign. This includes an analg$ithe attenuate backscatter fields to determine
boundary layer heights, cloud base heights, and #A&lysis of the Doppler velocities. Section 5
describes the techniques that were used to prtieesiial-Doppler lidar observations, and Section 6
presents the results of the dual-Doppler analtigdies to validate the dual-Doppler wind retris\ale
presented in Section 7. This includes a companéso-called area-constrained VAD winds between the
Bolling and Annex lidars. Finally, Section 8 sumimas the results of the entire study.
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2.0 INSTRUMENTATION

Figure 1 shows deployment locations for the Anrmeck Bolling lidars during the Pentagon Shield
field campaign. The Annex lidar was deployed at@pNavy Annex building, approximately 500 m west
of the Pentagon. A second lidar, operated by thmeyAResearch Laboratory, was deployed approximately
5 km to the southeast of the Annex lidar, nexhRotomac River at Bolling Air Force Base. The éxn
and Bolling lidars are both coherent WindTracer®pler lidars that operate at a wavelength of 2um
(Henderson et al. 1991, 1993). The WindTracer®asufactured by Lockheed Martin. Figure 2
describes the performance characteristics of tlukheed Martin WindTracer®.

T

Navy Annex Lidar S8 ,\'/
‘ / \ \ Eﬁal-DoppI{&}'

wCoverage Area '
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Google Earth

n, 5o 3 | o g
Figure 1. Deployment locations of the Annex and Bollingalig during the Pentagon Shield field
campaign. The Annex lidar scanned toward the ewsttee Bolling lidar scanned toward the northwest.
The region of overlap between the two scans icatdd. The overlap region includes the Pentagen, th
Potomac River, East Potomac Park, and portionseoNational Mall area.

Manufacturer: Lockheed Martin Coherent Technologies
Maximum Range: 8-10 km

Minimum Range: ~400 m

Velocity Range: +20ms?

Velocity Accuracy: 0.1-0.6 m s'' RMS @ high SNR (SNRN > 5-10 dB)
Range Resolution: 80-100m typical

Transmitter Wavelength: 2 um

Pulse Energy: 2mJ+05md

Pulse Duration: ~400 ns (~60 m)

Pulse Repetition Frequency: 500 Hz

Aperature Diameter: 10 cm

Beam Diameter: 8cm

Source: http:/Awww.lockheedmartin.com

During the two week deployment both lidars perfadrogerlapping volume scans and were operated
almost continuously. The same scan schedules forlioars were maintained throughout the duratibn o
the deployment. The Bolling lidar performed volugszans over the northwest sector, as indicated in
Figure 1. The volume scans were performed at Mattn angles (091.8,2.7, 3.6, 4.5,
5.4,6.2,7.2, 8.1°, and 9.6). There was one slight modification to the scamescle during the
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deployment. From 1-4 May 2004 the azimuth limitshef volume scans were set to 288d 348, After
4 May this was changed to 278nd 366. A complete 360plan position indicator scan, or VAD scan
was performed at an elevation angle df @lowing each volume scan.

The Annex lidar performed volume scans over as@@tor toward the east, as indicated in Figure 1.
The volume scans were performed at 10 elevatioleand .0, 1.5, 4.0, 6.5, 9.0, 11.5, 14.0, 16.50,19
21.5, between azimuth angles of @ad 122. Moreover, a complete 36@PI, or VAD scan was
performed at an elevation angle of 2dllowing each volume scan. This same scan schedas
maintained for the duration of the two-week fiekdpaign. The time to complete each volume and VAD
scan combination was approximately 5 minutes fan tiee Annex and Bolling lidars.

For consistency, both lidar systems were operattdtive same signal processing parameters
throughout the field campaign. The number of shgtraged was 50, resulting in a beam rate of 10 Hz.
At a Pulse Repetition Frequency (PRF) of 500Hz thsulted in one beam every 0.1 seconds. The gate
size and the spacing between gate centers weresébth 72 m. The range to the center of the diase
was 636 m.

This study also made use of other instruments ditiad to the lidars including flux measurements
from DCnet (http://dcnet.atdd.noaa.gov/) and dadmfradiosondes.

2.2



3.0 LIDAR DATA QUALITY CONTROL

Data quality control involved filtering out radiatlocity data corresponding to abnormally low laser
pulse energies, low SNR, and fixed hard targetrmstuAdditionally, estimates of the measurement
precision, as a function of SNR, were obtainedufhoanalysis of radial velocity signals. The
measurement precision was used to estimate essogiated with the VAD and dual-Doppler wind
retrievals.

3.1 Pulse Monitor

For a coherent system, the pulse monitor (PM) s$igreameasure of the power of the outgoing laser
pulse prior to propagation through the atmospHeig formed by diverting a small fraction of the
outgoing pulse, mixing it with the local oscillat@nd measuring the coherent power in exactly dinees
way that the atmospheric return is measured. Thsepmonitor signal represents the peak value of the
Doppler spectrum. Alternately, the SNR is a rafithe coherent energy of the atmospheric retuthe¢o
total energy contained in the noise floor overghes-band of the Doppler spectrum.

Data quality control involved filtering out radiatlocity data corresponding to abnormally low laser
pulse energies, low SNR, and fixed hard targetrmstuAdditionally, estimates of the measurement
precision, as a function of SNR, were obtainedufhoanalysis of radial velocity signals. The
measurement precision was used to estimate essogiated with the VAD and dual-Doppler wind
retrievals.

Figure 3 shows PM signals for the Annex and Bollidgrs for one representative diurnal cycle
(5 May 2004). Figure 3a indicates that the PM difprathe Bolling lidar decreases rapidly after sein
(approximately 0000 UTC), and remains very low tigimout the nighttime period. About 3 hours after
sunrise (approximately 1000 UTC) the PM signal bego increase, but experiences significant
fluctuation during the day. By contrast, the PVhsilgfor the Annex lidar (Figure 3b) is significantl
higher, and more stable throughout the entire diurycle.

a) Bolling Pulse Monitor § May 2004 b) Annex Pulse Monitor & May 2004
T T T | 2 roawr L ST I ¥ ¢ hov ey b v 7T

T
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Figure 3. Energy monitor signals for (a) the Bolling licard (b) the Annex lidar for 5 May 2004. Blue
(Bolling) and black (Annex) points represent puisenitor values for each beam. The red points are
averages of the pulse monitor signal over one fleatapproximately 5 minutes).
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Figure 4 shows the Phase Modulation (PM) signdiatarelocity and SNR for the Bolling lidar
during a period of degraded performance. When Mesignal is small (roughly < 10) the radial velgcit

data is clearly corrupted,

and the SNR does nat/stsocharacteristic fall-off with range. This su&gs

that a simple filtering method based on a minimuvh\Rlue may be effective at removing much of this

poor quality data.
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Figure 4. Time-height cross sections of (a) Radial veloaityl (b) SNR from the Bolling Lidar between
1343:10 to 1348:00 UTC on 5 May 2004. The bottomgbahows the corresponding time series of the
pulse monitor signal. Pulse monitor data abover&Ghown in red, and values below 10 are shown in
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Part of data quality control procedure involvetefiing out radial velocity profiles correspondirg t
PM values below 10. Figure 5 illustrates the effat had on the radial velocity data from the Bgjl
lidar. Although this technique appears to be eifecat removing poor quality data, it can createyna
data voids. This presents challenges for the VA® duml-Doppler wind retrieval algorithms.

Figure 6 shows a representative time series chvhdability of data from the Annex and Bolling
lidars during one representative diurnal cycle. bhe areas in Figure 6 represent the fractiomué t
that the systems were operating, and the red aré@site the fraction of time that the systems afest
above a PM threshold of 10.

The lidar functioned more or less normally durihg first two days of the deployment. Significant
problems began on 3 May 2004. On that day the ptage of usable data decreased below 10% after
about 4 UTC. The data quality remained poor urdihdacquisition was ceased shortly after 12 UT@. Th
lidar did not start acquiring data again until ktig after 18 UTC on the following day (4 May 2004}t
that time the lidar functioned well until sometimiger 0 UTC on 5 May 2004. The data then detergarat
once again, and shortly after 1 UTC the percentdgsable data decreased below 10%. The data
improved again about 12 hours later and remained §ar the duration of that day. Examination of the
other days show similar trends. As indicated iruFég6, the Annex lidar tended to perform quite well
overall, while the Bolling lidar did well during ¢hday, but experienced problems at night. Ovetadl,
Bolling lidar performed best during afternoon pdepand poorest during early morning periods. Data
availability plots for all days during the fieldropaign are presented in Appendix B.

(a) . 5 Minute Average Uptime for, the Bolling Lidar, 20040505

100

UPTIME (%}

0 3 €

15 18 21 24

12
b HAUR (GMT}
( ) 5 Minute Average Uptime for the Annex Lidar,

UFTINE (%)

o 3 6 g 12 18 18 21 24
HOUR (GNT}

Figure 6. Time series of data availability for (a) the Budj and (b) the Annex lidars during 5 May 2004.
Blue indicates periods when the lidar was operatifgle the red indicates the fraction of time ttiedt
pulse monitor signal exceeded 10. Data availalylitys for all days of the Pentagon Sheild field
campaign are presented in Appendix X.

3.2 SNR Threshold

In addition to PM thresholding, the quality contpobcess involved rejection of radial velocity data
corresponding to low SNR. At low SNR, radial vetganeasurements become uniformly randomly
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distributed across the pass band of the receivehliEeh et al 1997; Rye and Hardesty 1993, 1998)aA
result, the mean Doppler velocity goes to zerdhvasSNR goes to zero (because the pass band is
symmetrical at about zero). Large biases can resthe VAD and dual-Doppler analyses if low SNR
data was not properly filtered out. We used an $iNBshold of -2dB for this study. Figure 7 illusgs
the effects of both PM and SNR thresholding on #fata the Bolling lidar. The examples in this figur
show representative scans of radial velocity duan@fternoon period, when the lidar functioned wel
and during a period shortly after sunset, wherlittze’s performance was rapidly deteriorating.

¥ (km)

Figure 7. Representative examples of radial velocity dadenfthe Bolling lidar after pulse monitor and
SNR thresholding. Panel (a) shows typical datanduain afternoon period, and panel (b) shows typical
data several hours after sunset.

3.3 Hard Target Masks

Radial velocity data from stationary hard targétimes cause biases in the dual-Doppler analysis.
These features contaminate radial velocity measemésrin the lowest elevation angles of the volume
scans. Examples of stationary hard targets indieidiain features, buildings, trees, etc. For thig,
hard target returns were filtered out through thgliaation of a masking process. The hard targetksia
were developed from SNR measurements averagedeveral scans. For a given elevation angle the
range corresponding to the maximum gradient ir&iN®& field was determined as a function of azimuth
angle. This range then determined the transitidwéoen the masked and unmasked portions of the data,
as illustrated in Figure 8.
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Figure 8. Development and application of a static hardaangask. The left panel shows the raw SNR
field for the Bolling lidar at the lowest elevatiamgle of the volume scan (0%9§lt #0). The solid black

line shows the functiof(¢), which gives the range, of the transition between the masked and unmasked
portions of the data, as determined from the gradiéthe (range corrected) SNR. The right panelgh

the (range corrected) SNR field after the applaabtf the hard target mask.

Figure 9 presents an example of radial velocitya dladt has been subjected to a hard target magk, an
PM and SNR thresholding. This example shows nesamyltaneous scans from the Annex and Bolling
lidar at approximately 1847 UTC on 1 May 2004 .Histcase, the hard target mask blocked
measurements contaminated by ground returns iBahimg lidar data just to the west of Reagan-

National Airport.

_4 _p Ragial Velocity £m5'1)6 a 10 _a Rgdial Velgeity (ms'z) 4

Bolling 20040501 184802, Elevation angle = 1.85 Annex 20040501 184541, Elevation angle = 1.50
T 0 ; ] 3 +

Y -

Northing (km)
o

[ M i i A sy

Easting (krn)

0 1

A
Easting (krn)

Figure 9. Nearly simultaneous scans show radial velocitynfthe (a) Bolling lidar, and (b) the Annex
lidar. This data has been subjected to pulse moaitd SNR thresholding, and hard target masking. A
local coordinate system is defined with the Anridad at the origin. Also shown are outlines indicgt

the Potomac River, Tidal Basins, and Reagan-Nadltigingort.
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3.4 Radial Velocity Precision

Estimates of radial velocity measurement error vmeaele in order to determine the atmospheric
contribution to velocity variance (Lenschow etZ000; Lothon et al. 2006). The measurement pratisio
was also used to estimate errors associated vatiAD and dual-Doppler wind retrievals. The basic
idea is to develop an empirical relationship betw8BIR and velocity precision, and to use that
relationship to assign a precision or error tavadhsurements in the dataset. The process of datagni
the precision as a function of SNR is typically darsing staring data, where the random noise vaian
is estimated from the autocovariance of the radilicity time series (Pearson et al. 2009; Fretigdl,;
Frehlich 2004). No staring data was available forent dataset. Instead, data from individual VAD
scans were used to compute autocovariance funclitims was not ideal since the sample sizes were
fairly small (most VAD scans contained less thaf b@lividual beams). However, hundreds of VAD
scans were performed over the course of the twdcaeployment. Thus, a reasonable estimate of
velocity precision versus SNR could be obtainecetieh lidar by combining estimates from all the VAD
scans. The results are shown in Figures 10.

As discussed in Section 3.2, an SNR thresholddB {8 applied to the raw measurements. Figure 10
indicates that at this threshold level, measureseith velocity precisions larger than ~1.0hase
rejected.

(a)Annex ] (b) Boiling

r
10 15 20

SNR {48) oME SaEY

Figure 10. Radial velocity measurement error as a functfo®MR for the (a) Annex and (b) Bolling
lidars. The solid black line is the estimate of thean) velocity precision. The blue dots represent
estimates obtained from individual VAD scans frorhi3lMay 2004.
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4.0 BOUNDARY LAYER CHARACTERIZATION

In this section, observations from the Bolling athex lidars, as well as surface flux measurements
are used to characterize the structure and stabilithe Planetary Boundary Layer (PBL) during the
Pentagon Shield field campaign.

4.1 VAD Analysis

A velocity-azimuth-display (VAD) analysis was comtied in order to develop estimates of the mean
horizontal winds as a function of height over tberse of the entire two-week field campaign. Fig th
study we used a modified VAD analysis (Banta e2@02), as compared to the classic algorithm
described by Browning and Wexler (1968).

In the modified VAD algorithm, all the radial velbcur data acquired during a given time period are
divided into 60-m vertical bins, regardless of tyyge of scan the data came from. A given bin may
containur measurements scattered over a variety of azimuwtlekavation angles, depending on the scans
performed during that period. It is assumed thaiwia vertical bin the mean wind is horizontally
homogeneous. The components of the mean horiamimidk u andv within a vertical bin are obtained by
minimizing the total squared deviation betweenrddial component of the mean velocity, anduhe
measured by the lidar. This processing technigueapalied to the entire Pentagon Shield dataseyusi
30-minute averaging period oversampled at 15-miimiezvals. The linear system that resulted from th
least squares minimization had no solution if &the azimuth angles were the same during the giraga
period. The system will be ill-conditioned if théfdrence between the minimum and maximum azimuth
is small. Mean wind estimates derived from ill-citimehed linear systems, as well as very noisy data,
excluded based on quality parameters that are giopal to the computed error in the retrieved mean
velocity components. The quality parameters proaid®bjective method of rejecting bad estimates.

The results of the modified VAD analysis for theipd from 1-7 May, and 7-13 May 2004 are
shown in Figures 11 and 12, respectively. Ovettadlre is positive agreement between the resuttseof
Annex and Bolling lidars. The results for the Bogjilidar are quite reasonable despite the probleiths
its transmit laser during the night. Although mwétihe nighttime data from the Bolling lidar was
corrupted, the system was still able to produceeseatid data intermittently during these periods.

Figures 11 and 12 generally indicate that undeniaather conditions a southerly flow tended to
dominate, although there were several periods wiveegher disturbances modified this tendency.
Periods of significant low-level cloudiness resdlte data voids aloft on thé23¢ 5" and &, whereas
the loss in signal aloft on thd' @ppears to be due to exceptionally clean air. lewe! jet (LLJ) (Banta
et al. 2002; Blackadar 1957; Bonner 1968; Mitckekhl.1995;Thorpe and Guymer 1977;Whiteman et al.
1997; Stensrud 1996) structures were also evidamigmost of the nighttime periods. In fact, thrdyo
nights that didn’t clearly show LLJs were tH8 &nd the B. It is possible that cloudiness on tH&and
exceptionally clean air on th&' énay have obscured the LLJ from the lidar. On rgttten LLJ's are
apparent, we observe that LLJs tend to form a eaphours after sunset and reach their maximum
strength between 03 and 07 UTC. For this locatiahthis time of the year, sunrise occurs at abOut 1
UTC, and sunset occurs at about 00 UTC.
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Figure 11. Time-height cross sections of the mean horizomtadls computed from (a) the Annex lidar
data, and (b) the Bolling lidar data using the rfiediVAD analysis method. The time period shown is
from 1-7 May 2004. Colors indicate wind speed, tredarrows indicate the flow direction in the
horizontal direction (i.e., upward pointing arroindicate a southerly flow, and right pointing arow

indicate a westerly flow).
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Figure 12. This is the same as Figure 11 except that the pieriod shown is from 7-13 May 2004.
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4.2 PBL Height Estimates, CBH, and Surface Fluxes

Figures 13 and 14 show time-height cross sectibti'eanean horizontal winds from the Annex
lidar, (range-corrected) signal-to-noise ratio (3¥&m the Annex lidar, the vertical derivativetbe
(range-corrected) SNR, and time series of frictielocity and kinematic heat flux. The fluxes were
measured at a site in the National Arboretum (D thatated approximately 10 km northeast of the
Annex lidar. Time-height cross sections of rangeraxied SNR were obtained by averaging all the
beams within a given VAD and then converting ratggbeight above ground. In this sense, each SNR
profile in Figures 13 and 14 represent averages aeene, where the scan elevation angle was 24

The range corrected SNR field provides a measutleechttenuated aerosol backscatter. Strong
negative gradients in the SNR field indicate a éase in the aerosol backscatter with height, vatéep
positive gradients generally indicate cloud ba$és. solid black curves in Figures 13b, 13c, 140, bc
represent estimates of the developing ConvectiuenBary Layer (CBL) height and the top of the
residual layer height (Stull 1988), while the blacjuares represent estimates of cloud base h&lgit)(
The CBL heights (developing and residual) werengstied by visually locating the height of the
maximum negative SNR gradient. In a separate aisalyesfound that the base of the capping inversion
layer observed in radiosonde data correlated guetewith strong negative gradients in the SNR
(Newsom et al. 2009).

Time-height cross sections of the SNR gradienthofteow two or more altitudes with distinct
minima. Shortly after sunrise there is often arggroninimum just above the surface. This minimum is
associated with the developing CBL, and increaapislly during the early portion of the day. Exangple
of this are observed on th& B", 6", 9" 10" 11", 12" and 1¥. On several days, this minimum
continued to increase until about sunset. Seconuaryna in the SNR gradient were also observed at
higher altitudes. In some cases, these minimaesmaants of the CBL height from previous days, i.e.,
residual layer heights. After sunset, the resitaar height usually decreases and the layer below
becomes weakly stably stratified (Newsom et al 208s a result, the aerosol distribution becomass |
homogeneous with height, and it is more challengingstimate the top of the residual layer. Howgier
many cases it was possible to track the top ofdkiglual layer between adjacent diurnal periods.

Figures 13 and 14 indicate weather disturbancdslait-level clouds propagating through the region
on the 2 39 5" and &' After 9 May 2004 the skies were mostly clear, geratures warmed, and high
pressure settled in. During this latter part offiblel campaign the SNR and fluxes exhibited a more
regular diurnal variation.

As noted previously, LLJ’'s were observed duringrgveght of the field campaign with the
exception of the™ and the B. The surface friction velocity in Figures 13d drttl show distinct local
maxima during the nights of th& 410", 11", and 1. These maxima appear to be correlated with the
presence of relatively strong LLJs. By contrasty awery weak LLJ developed on the night of th&,12
and the friction velocity showed only a very weaghttime maximum on that night.
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Figure 13. Boundary layer structure as observed by Anneat lachd surface flux station at the National
Arboretum for the period from 1-7 May 2004. (a) Méwrizontal winds from a VAD analysis of the
Annex lidar data; (b) SNR from the Annex lidar; \@rtical derivative of the SNR in (b); (d) Frictio
velocity (black) and kinematic heat flux (red) la¢ tNational Arboretum obtained through DCnet. The
dark bars on top of panels (b) and (c) indicatenibattime periods. In panels (b) and (c) cloudebas
heights (CBH) are indicated by the black-filled aogs, and boundary layer heights are indicatethdy t
solid dark lines. The brown bars at the top of gaanel indicate the times when valid dual-Doppler
retrievals were obtained.
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Figure 14. This is the same as Figure 13 except the peowdrs 7-13 May 2004.
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5.0 DUAL-DOPPLER ANALYSIS

Two methods for processing dual-Doppler lidar degae explored during the course of this field
campaign. We initially attempted to apply techngsienilar to those described by Newsom et al. (2008
and Hill et al. (2010). In these methods, whichrefer to as least squares methods, turbulencestesc
are retrieved using scanning data with very firstisband temporal resolution. However, applicatbn
this methodology to the current dataset is probtenthie to the relatively slow update rates of the
volume scans (~5 minutes), and the data qualityessvith the Bolling lidar.

As described in Section 3.1, numerous data voislgted after quality control procedures were
applied to the Bolling lidar data. The only effeetimethod of dealing with these data voids wagpiiya
sufficient temporal averaging, as was done in tA®\analysis. The dual-Doppler algorithm described i
this section made use of considerable temporabgireg of the lidar data in order to retrieve thatsd
variability of the mean velocity field.

Variable surface characteristics (i.e., variatiom&errain, surface roughness, and/or thermal
properties) will have impacts on the mean flowthis case, the dual-Doppler overlap region covers a
area in which the underlying surface exhibits abttgmsitions between a rough urban surface and a
smooth water surface (see Figure 1). Thus, arctieof the current dual-Doppler analysis appraach
to detect the response of the mean flow to thedaciheterogeneities.

5.1 Hourly Averaged Volume Scans

Individual volume scans were averaged over one-petiods. The averaging helped to suppress
noisy fluctuations and improve the coverage forBo#ing lidar. The averaging was done using a
prescribed azimuth grid at each elevation angtb®f/olume scans. Both the mean and second moment
of the radial velocity field were computed. The@®t moment was used by the dual-Doppler algorithm
to estimate horizontal velocity variances.

Both lidars were configured so that each volume seguired about 5 minutes to complete, thus,
each elevation angle was revisited approximatelyimi@s during the course of any given hour. Althoug
the range coordinate was fixed, the azimuth arfglea given elevation angle varied from one volume
scan to the next. In order to average volume stavess necessary to define a fixed azimuth grid.ths
study, the radial velocity measurements were aeglaging an azimuth grid with a resolution &fand
a range grid with a resolution equal to the rawgearesolution (72m). Radial velocity error variasice
were also computed by averaging within these azirant range cells. These hourly averaged volume
scans were then saved to disk for later processirige dual-Doppler algorithm.

5.2 Velocity Retrieval

Estimates of the horizontal velocity componentsenggnerated from the hourly averaged data set
described above. The first step in this processlved defining the horizontal position of a so-edll
“virtual tower” (Calhoun et al. 2006). For eachsqgdane (elevation angle) and for each lidar, hourl
averaged radial velocities were interpolated tohiiézontal location of the virtual tower. This davas
then interpolated to a high resolution verticatlgriong the virtual tower, as illustrated in Figae

5.1



Missing values are assigned to those grid poiraslig above the highest valid measurement or béhew
lowest valid measurement. The overlap betweeniberiterpolated curves defines the valid layer over
which the horizontal velocities are computed.

Given simultaneous and collocated radial velocétadrom both lidars, the computation of the
horizontal velocity components is straightforwdreadial velocities at a given point in space (an)i
observed by lidars “1" and “2” can be written as

u, =ulf, =ucosd, sing +Vvcosd, cosy (5.2.1)
and
u,, =ull, =ucosd,sing, +vcoss, cosg,, (5.2.2)

where ¢ and @ are the azimuth and elevation angles from the tial¢he observation point, and the

subscripts refer to either lidar “1” or lidar “2The overbar is used to denote an hourly average. In
equations (5.2.1) and (5.2.2) we have ignored dm¢ribution from the hourly averaged vertical vetpc
component. This is a reasonable assumption asaetige vertical velocity is much smaller than the
horizontal velocity, or the elevation angle is dmBb simplify the notation we define the so-called
“horizontal radial velocity” as

u, =u, lcostd. (5.2.3)

Equations (5.2.1) and (5.2.2) can then be writken a

u, =using +vcosg (5.2.4)
and
u_p2 = using, +Vvcosg,. (5.2.5)

Solving for u andv yields

u =%(u_pzcos¢1 ~u,, cosp) (5.2.6)
and

\_/:%(u_plsin@ —u_pzsinqq), (5.2.7)
where

A =sing, cosy — cosg sing. (5.2.8)
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Figure 15. Schematic illustration of the dual-Doppler anaysethod.

5.3 Velocity Variance Retrieval

Estimates of the variance inandv were also computed from estimates of the variamtee
horizontal radial velocitiesl , andu,,, . Velocity perturbations can be written as

u'=u-u =%(u'p2 cosg —u,, cosqu) (5.2.9)
and
% =v—\_/:%(u;ﬂsin¢2 ~u,sing). (5.2.10)

Squaring equations (5.2.9) and (5.2.10) and avegagelds

JRN— l JRE— PR

u'? = a u;cos @ +U'; cos’ @ — 2u’,U,, cosy cosqu) (5.2.11)
and

7_1(7-2 P T i )

\ e U,,sin“@ +u,sin“@ —2u,u , singsing, |. (5.2.12)

Thus, computation of the velocity variances requioeowledge of both the variance and covariance

of the radial velocities. The radial velocity varas, U; and U’

2 » are computed by averaging the raw

data, as described in Section 5.1. However, thari@vce termy,u;

1, cannot be reliably estimated

from the raw data, as this would require simultarseand collocated measurementsigf andu,,, .

Instead, we assume that the covariance of the Slanteomponents)’ V' , is very much smaller than

either of the variance termEIZ2 orv?. Setting the covariance betwegandv to zero,
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I 0

1¢ 1 1 1 . [ : )
uv ZE(UPZ cosg —u’, cosg Ju., sing —u.,sing)=0,  (5.2.13)

gives
2 . 2 :
— U5, cos@sin@g +u; cosg sin
UpyUp, = — SASNAT U 0 S (5.2.14)
cosg sing, + cosg, sing
We define the total variance as
K=U?+V2, (5.2.17)

For this study, total horizontal velocity variarise&eomputed using equation (5.2.17), together with
equations (5.2.11), (5.2.12) and (5.2.14). It ipamiant to note that the total variance consists of
contributions from both the atmosphere and noighérmeasurement. If there is no correlation betwee
the noise fluctuations and the (real) atmosphéuittdiations then the total variance can be expceasa

simple sum of the variance due to (real) atmosptilrctuations A .., and the variance due to

instrumental noisex, ., (Lenchow et al. 2000), i.e.,

K= Katmos+Kinst' (5218)
where the instrumental variance term is given by
1
Kinst = E(ff,l +€2,). (5.2.19)

Radial velocity error variances, ,and £, , are the same as those described in Section Guatian

ol p21
(5.2.19) also assumes that noise fluctuations lesiviee two lidars are uncorrelated. This is a very
reasonable assumption. With given by equation (5.2.18) amd,, given by equation (5.2.19) it is then

possible to estimate the atmospheric variance,

(5.2.20)

5.4 Three-dimensional Grid

The procedure outlined above for retrieving velpaind velocity variance profiles from a single
virtual tower can be repeated for any number dbigirtowers in order to build a three-dimensional
picture of the flow. For this study, we set up @timensional grid of virtual towers over a portioithe
dual-Doppler coverage area. This grid consisteal 50 x 50 array of virtual towers over a 4 x 4 km
domain. Three-dimensional arrays of the horizoowahponentsy andv, as well as the instrument and
atmospheric variances were stored to disk for mtatysis.
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6.0 DUAL-DOPPLER RESULTS

The quality of individual wind retrievals was evalad manually using custom three-dimensional
visualization software developed in Interactive ®bBanguage (IDL). The magnitude of the measurement
noise was used as the primary metric to assesgjdality. Wind retrievals with large measuremenisao
were rejected. In fact, the majority of wind rewiaés were rejected largely due to the problems
experienced by the Bolling lidar. The periods wittid retrievals are listed in Table 1. These migiare
also indicated graphically by the brown bars atttips of each panel in Figures 13 and 14.

Table 1. Start and end times for the periods containirghdual-Doppler retrievals.

Start Time (UTC) End Time (UTC)

Date Time Date Time
20040501 1900 20040502 0300
20040502 1400 20040503 0030
20040505 1400 20040505 1600
20040507 1700 200405Q7 1800
20040508 1700 20040508 2300
20040509 1600 20040510 0600
20040510 1200 20040511 0700
20040511 1400 20040511 1500
20040511 2000 20040512 0100
20040512 0700 20040512 0900
20040512 1400 20040513 0100

Figures 16 through 20 show representative samplesrtical cross sections from the dual-Doppler
analysis. These particular time periods were chbseause both lidars were operating well, and the
measurement errors were relatively small. In athee examples, the cross sections are taken al@ng
km west-to-east line that crosses the Potomac Ragendicated in the figures. The east side ottbss-
section lies over East Potomac Park, and the wassties over the western shore of the PotomacrRive
just to the southeast of the Pentagon.

In addition to the wind speed and velocity varigrieigures 16 through 20 show the so-called wind
direction deviation. This is defined as the differe between the wind direction at a point and thess
section averaged wind direction. This quantityamputed using
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Ag = tan‘l( (6.1)

W -0
ug+w )’

whereU and V are the cross section average velocity componEqtsation (6.1) yields deviations in
the rangdA¢| <180, such that positive values indicate winds thatratated clockwise relative to the
cross-section-averaged wind direction.

As noted in Section 4.1, southerly winds tendedaminate during the Pentagon Shield field
campaign. For Figures 16, 17 and 20 the low lewetisrare southerly so that the cross sections are
oriented roughly orthogonal to the mean low-leveids. In Figure 18 the low level winds are
southwesterly, and the upper level winds are wigstéigure 19 shows a relatively rare case in wikah
low winds were southeasterly.

The fetch over water is greatest for the southiéoly cases. In those cases, there is typically an
enhancement of the velocity variance over the westeore of the Potomac, and in many cases, higher
wind speeds over the water. The larger velocityavene over the western shore is likely due to the
influence of the urban land surface in the upwietdHti. By contrast, the retrievals typically do not
indicate an increase in the velocity variance @ast Potomac Park. Again, this is likely due to the
nature of the land surface over that portion ofdfess section (mostly park land).

Figure 18 shows a case in which the low-level fleas southwesterly and the upper level (600 to
1000 m) flow was westerly. In this case there apptmabe an enhancement of the velocity variance at
low levels over the river surface. The imagery |saig that this may be the result of disturbancested
in the wake of the western shoreline. The windddiom deviation in Figure 18 shows an abrupt traosi
at the western shoreline, and exhibits the claggitature of an internal boundary (Stull 1988) hwite
depth of the counter-clockwise flow increasing wdiktance over the river.

Dual Deppler Analysis 20040501 20:00:00
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Figure 16. Vertical cross section of dual-Doppler derivepiwind speed, (b) wind direction deviation,
and (c) velocity variance at 20:00 UTC on 1 May4£00@ertical cross sections are taken along a wasit-e
line as indicated by the solid black line in thei@eview of panel (d). The horizontal coordinates

panels (a) through (c) indicate the west-to-eastidce from the center of the cross section. Rdhelso
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shows layer averaged wind directions fam < z < 400m (black arrow) and fo600m < z<1000m
(white arrow). Terrain profiles shown in panelstf@pugh (c) have been exaggerated (x20) for dyspla
purposes.
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Figure 17. This is the same as Figure 16, except 19:00 UT¢ klay 2004.
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Figure 18. This is the same as Figure 16, except 17:30 UT6E klay 2004.
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Figure 19. This is the same as Figure 16, except 17:00 UT@8 klay 2004.
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Figure 20. This is the same as Figure 16, except 20:30 UTC0May 2004.

Dual-Doppler wind retrieval for all time periodstiéd in Table 1 were inspected manually using the
three-dimensional visualization software descripexviously. Careful inspection of the dual-Doppler
results revealed one very distinctive and consistearacteristic. Horizontal and vertical crosgises
through the flow often indicated a region of higepeed winds over the river surface under southerly
flow conditions. This flow feature is illustrated Figures 21 through 23. These figures display
representative examples of horizontal cross sestid wind speed in which there was southerly flow.
These examples show stronger winds on the easbfttie retrievals, over the river and extending
northward over the eastern and southern portideast Potomac Park. The transition between the lower
and higher speed flow is roughly oriented along@dMmsouth line, and the wind speed differenceastm
prominent at lower levels, i.e., below ~200 m abgreund level (AGL).
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Figure 21. Panels (b) through (f) show horizontal crossisestof wind speed from the dual-Doppler
analysis for 2000 UTC on 12 May 2004. The heigimdVSL) are indicated in each panel. Panel (a)
displays an aerial view of the study area. Alsonghn panel (a) is the computation domain boundary,
the lidar locations, and the mean wind directioBGtn (solid black arrow).
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Figure 22. This is the same as Figure 21 except the timegé 2000 UTC on 12 May 2004.
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Figure 23. This is the same as Figure 21 except the timegée 1400 UTC on 2 May 2004.

The flow features illustrated in Figures 21 thro@ghare likely the result of an acceleration in the
wind over the water surface due to a differentiahie roughness length with land surface, andahe |
fetch over water in upwind direction when the lasgale flow is southerly. The length and orientatid
the upwind fetch appears to be quite importanthimseffect was only consistently observed for betly

flows.

The reason for the observed flow behavior is easilyerstood by looking at the local geography.
Figure 24 displays a map of the current study arehthe region to the south. In the vicinity of {895
bridge, the Potomac River flows toward the southdd® river widens considerably below this bridge.
At the confluence with the Anacostia, the Potomaog more toward the south, and continues alosg thi
direction for approximately 15 km until turning tavd the west at Fort Hunt National Park.

Figure 24 clearly shows that when the winds ar¢hsoly, the upstream fetch over the eastern portion
of the study area will be dominated by the reldyienooth river surface to the south. The long rgash
fetch allows for significant linear accelerationtbé flow over the river. Figures 21 through 23als
indicate that the higher speed southerly flow apptaretain significant inertia as it propagates
northward over East Potomac Park and into the Nakimall area.
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7.0 VALIDATION OF THE DUAL-DOPPLER RETRIEVALS

As a cross-check of the dual-Doppler wind retrisyale examined individual radial velocity scans to
assess whether the observed radial velocity figkl® consistent with the river-induced wind speed
differentials described in the previous section. &8® compared area-constrained VAD winds from the
Bolling and Annex lidars as an additional validatitheck.

7.1 Comparion between Radial Velocity Scans

Figure 25 shows a comparison between hourly avdreagial velocity scans from the Annex lidar,
and the Bolling lidar for 2030 UTC on 2 May 2004ig figure shows hourly averaged radial velocity
data for the lowest elevation angles that weregperéd by each lidar. There are several featurethwor
pointing out. First, there is a general southddwf as was typical during the field campaign. Setave
observe a region of relatively strong negativeabwtlocity in the Annex data over the river anst jto
the north side of the runways at Reagan-Nationgddkt. By contrast, the radial velocity at the same
azimuth closer to the lidar is less negative, dicated in Figure 25a. This suggests that the wpwkd is
larger over the river and runway surfaces than thveheavily urbanized areas closer to the lidar.
Additionally, the fact that the Annex elevation i below the horizon suggests that the diffeeeinc
wind speeds over the urban area and the river mawén more pronounced than indicated, since one
would expect a decrease in wind speed with altitude

Inspection of the Bolling lidar scan in Figure 28itows two distinct north-south linear featureshim t
radial velocity pattern. First, a primary featurasaobserved that corresponds to an abrupt dedretse
radial velocity along a north-south line over ther north of the airport runway. A secondary linea
feature was also observed along a line that appeargend north from the boundary between theodirp
and the river. Both of these features are congisigh relatively abrupt changes in wind speed ttue
changes in the roughness length in the upstrearn.fat the secondary transition there is a decremase
the wind speed toward the west just downwind oftitbendary between the airport and the river.
Between the secondary and primary transitions pis¢ream fetch is heavily influenced by the airport
runway. As one moves west from the primary traosithe wind speed decreases again because the
upstream fetch is influenced by the rough urbafases to the south.
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Figure 25. Comparison between hourly averaged radial vel@tiains from (a) the Annex lidar, and (b)
the Bolling lidar for 2030 UTC on 2 May 2004. TliMest elevation scans for both lidars are showe. Th
lowest elevation angle for the Annex lidar wa$ ahd the lowest elevation angle for the Bollirdali

was 0.95. Note the difference in color scales between gaf@land (b).

7.2 Comparison between area-constrained VAD results

As an additional cross-check of the dual-Dopplarduaietrievals, we compared so-called area-
constrained VAD winds from the Bolling and Anneddis. In contrast to the VAD results that were
initially presented in Section 4.1, the area-caised VAD winds are computed by using only radial
velocity data that falls within a predefined hontal range from the lidar. The idea is to developdwy
profiles that are more representative of the colinmmediately above the lidar. In this particulaseathe
maximum horizontal range was limited to 1 km fothblidars, as illustrated in Figure 26. Additionall
the Bolling lidar's azimuth angles were constrait@dse only observations over the river, as inditan
Figure 26. By imposing these constraints, the ide¢hat the Annex wind profiles are representative
heavily urbanized area and the Bolling wind prafitge representative of the flow immediately akitree
river surface.
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Figure 26. Horizontal coverage of the area-constrained VADdhe Annex and Bolling lidars. Wind
speed differences between the Bolling and Anneatdidvere computed by limiting the maximum
horizontal range of the data used in the computaifdhe wind speed profiles. The maximum horizbnta
range was set to 1 km.

Figures 27 and 28 show differences in the areat@ned VAD wind speeds between the Bolling
and Annex lidars. Positive differences imply tha Bolling winds are stronger than the Annex winds.
These figures clearly show that positive differenoecur when the overall flow is southerly. The
correlation between southerly flow and positive dvepeed difference is most apparent below about 150
m above mean sea level (MSL).

The wind speed difference shown in Figures 27 @hgdeherally confirm observations from the dual-
Doppler retrievals. Nevertheless, there are a femods when the southerly flow and the differermes
approximately zero or negative above 100 m MSL.n& that these periods tend to coincide with the
presence of LLJs. There is some evidence in tretdatuggest that the acceleration of the flow
immediately above the river surface is impededtlyng directional shear aloft. Further analysisustio
be conducted to investigate this hypothesis.

For wind directions other than southerly, the wipeed differences are highly variable, but the
results indicate a slight negative bias. This wonlgly a tendency for higher speed flows, at theesa
altitude, over the slightly higher terrain of thaex lidar than over the Bolling lidar. This mayhe
result of terrain induced acceleration of the figReisner and Smolarkiewicz 1994; Hunt and Snyder,
1980).
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Annex and Bolling VAD wind components. Heights ard/ISL.
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8.0 SUMMARY

This report described work that was conducted tdyae Doppler lidar data collected during the
Pentagon Shield field campaign. The focus of thiskwwvas to use the data from the lidars in conjonct
with other sensors to:

1) Characterize the overall boundary-layer structure
2) Generate highly resolved wind retrievals from thaleDoppler lidar scans

3) Analyze the results of the dual-Doppler retrievalsrder to understand the dominant flow
characteristics over the study area during thd fiampaign.

One of the technical challenges in this projecblmed dealing with the performance limitations of
the Bolling lidar. The Bolling lidar experiencedfuent periods of degraded performance, partiguéerl
night. As a result, particular attention was paidiata quality control procedures. This report dbed in
detail the various quality control methods thatevapplied to data. Quality control involved filtagi out
radial velocity data corresponding to abnormally laser pulse energies, low SNR, and fixed hargktar
returns. Estimates of measurement error were adgterim order to in order to determine the atmospher
contribution to velocity variance in the dual-Doppanalysis.

For this study we used a modified VAD analysisdampute mean wind profiles from both the
Bolling and Annex lidars over the course of the tmexek field campaign. By applying a 30-minute
average to the raw data, positive agreement was\athbetween the Annex and Bolling VAD winds,
despite the problems with the Bolling lidar.

Analysis of the VAD winds generally indicate thaider fair weather conditions a southerly flow
tended to dominate, although there were severalgsewhere weather disturbances modified this
tendency. Low-level jet (LLJ) structures were ewiden all but two of the nights during the field
campaign. The LLJs tended to form a couple of hattes sunset and reached maximum strength
between 03 and 07 UTC.

As noted previously, LLJ’'s were observed duringrgveght of the field campaign with the
exception of the™® and the B. The surface friction velocities show distinctdbmaxima during the
nights of the %, 10", 11", and 13. These maxima appear to be correlated with theepiee of relatively
strong LLJs. By contrast, only a very weak LLJ deped on the night of the f2and the friction
velocity shows only a very weak nighttime maximumtbat night.

Analysis of the Annex lidar's SNR field was usecegtimate CBL and residual layer heights. On
several days we observed a strong minimum in thigcakgradient of SNR just above the surface after
sunrise. This minimum is associated with the dgualp CBL, and increases rapidly during the early
portion of the daytime period. On several days thinimum continues to increase until about sunset.
Secondary minima in the SNR gradient were alsorebdeat higher altitudes, and are believed to be
remnants of the CBL height from previous days, the residual layer height.

The dual-Doppler analysis technique used in thidysmakes use of hourly averaged radial velocity
data in order to suppress noise, and improve datarage for the Bolling lidar. This analysis proedc
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estimates of the two orthogonal horizontal velocitynponents, and the atmospheric contributionéo th
total horizontal velocity variance along a vertiliaé that we refer to as a virtual tower. A three-
dimensional picture of the flow is developed by giyirepeating this computation for any number of
virtual towers. For this study, we set up a two-elrsional grid of virtual towers over a portion loét
dual-Doppler coverage area.

Inspection of horizontal and vertical cross seaiofthe dual-Doppler wind retrievals often indexht
a region of higher speed winds over the river sigriander southerly flow conditions. The transition
between the lower and higher speed flow is roughignted along a north-south line, and the wincedpe
difference is most prominent at lower levels, ibelow ~200 m above ground level AGL. It is beligve
that this feature is the result of an accelerataie wind due to the reduced drag over the waidgace,
and the long linear fetch south of the study afba&. dual-Doppler results also suggest that this flo
retains significant inertia as it propagates nodtdwver East Potomac Park and into the Nationdll Ma
area.

An area-constrained VAD analysis was conductediafort to confirm the dual-Doppler wind
retrievals. This analysis was used to estimatediffces in wind speed profiles over the urban land
surface near the Annex lidar, and water surface theaBolling lidar. The results generally confirtnine
observations from the dual-Doppler analysis. Bel®® m MSL, wind speeds near the Bolling site were
consistently larger than at the Annex site wherotrerall flow is southerly. Above this level, thrend
was somewhat less obvious. The data suggesththdepth of the wind speed maximum over the river
may be reduced by strong directional shear aloftadditional analysis is required to confirm this
hypothesis.
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Appendix B
Data Availability Plots
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Figure B1. Time series of data availability for (a) the Bad) and (b) the Annex lidars during 1 May
2004. Blue indicates periods when the lidar wagatjrey, while the red indicates the fraction ofaithat
the pulse monitor signal exceeded 10.
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FigureB2. This is the same as Figure B1 except 2 May 2004.
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Figure B3. This is the same as Figure B1 except 3 May 2004.
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Figure B4. This is the same as Figure B1 except 4 May 2004.
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Figure B5. This is the same as Figure B1 except 5 May 2004.
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Figure B6. This is the same as Figure B1 except 6 May 2004.
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FigureB7. This is the same as Figure B1 except 7 May 2004.
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Figure B8. This is the same as Figure B1 except 8 May 2004.
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Figure B9. This is the same as Figure B1 except 9 May 2004.
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Figure B10. This is the same as Figure B1 except 10 May 2004.
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Figure B11. This is the same as Figure B1 except 11 May 2004.
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Figure B12. This is the same as Figure B1 except 12 May 2004.
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Figure B13. This is the same as Figure B1 except 13 May 2004.
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