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Abstract

In this study, the crosswind (wind component perpendicular to a path, U ) is-has been
measured by a scintillometer and Doppler lidar above the urban environment of Helsinki,
Finland, for 3-weeks15 days. The scintillometer allows acquisition of a path-averaged value of
U, (U.), while the Doppler lidar allows acquisition of path-resolved U, (U, (x), where z is the
position along the path). The goal of this study is to evaluate the apptieability-performance of
scmtlllometer Urﬁeaewemeﬁ%mfor cond|t|ons where UL( ) is variable Hthe

eﬁwrenmeﬂ%Two methods were applred to obtaln UL from the scrntlllometer signal; the
cumulative spectrum method (relies on scintillation spectra) ;-and the lookup table method
(relies on time-lagged correlation functions). Beth-The values of U, of both methods
compared reasonably weII with the Doppler Ildar measureme%espee&tyeeeﬁerdeﬁﬁg%he

v ' y W ISE-estimates; with root
Wof 0 71 and 0. 73 ms~! ThIS mdrcates thawmtmm
applied in this study, both measurement technologies are able to obtain U in the complex
urban environment. The in-detait-detailed investigation of four cases indicate that the
cumulative spectrum method is less susceptible to a variable U, (x) than the lookup table
method. However, the lookup table method can be adjusted to improve its capabilities to
obtain U for conditions where U (z) is variable.

1 Introduction

The general application of a scintillometer in micrometeorology is obtaining path-averaged
surface fluxes (among others De Bruin, 2002; Meijninger et al., 2002a,b). The path can range
from a few hundred meters to a few kilometers depending on the type of scintillometer used

(De Bruin, 2002). In this study the focus is on ancther-application-of-seintiltometers-which-is
obtaining the path-averaged crosswind from a scintillometer (among others Briggs et al., 1950;

Wang et al., 1981), where the crosswind (U_ ) is defined as the wind-component perpendicular
to a@g@m path. By obtaining a path-averaged value of U, (U, ) instead of a point
measurement, a scintillometer is more suitable for validation of winds from model output —
given the resolution of numerical weather prediction models (~10 km) — than point
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measurements. Furthermore, in the roughness sublayer, due to ground clutter point
measurements can more easily be biased than path-averaged values.

From scintillometer data, one can obtain U, from either the scintillation power spectrum
(S11(f), where f is the frequency) (van Dinther et al., 2013) or the time-lagged correlation
function (r12(7), where 7 is the time-lag) (among others Briggs et al., 1950; Poggio et al.,
2000; van Dinther and Hartogensis, 2014). The validation of U, seintitometer-measurements
has, so far, mainly taken place on flat grassland sites (Poggio et al., 2000; van Dinther et al.,
2013). Onthese-At such sites U, is assumed to be uniform along the scintillometer path.
HoeweverDespite that, there is also a need for scintillometer U, in more complex areas, such
as mountain environments (Poggio et al., 2000) and urban environments (Wood et al., 2013c).
Ward et al. (2011) studied the influence of a variable U -field along the path (U (x), where x
is the location on the scintillometer path) on the scintillometer signal — however, their focus
was on scintillation spectra and structure parameter meastrements-estimates rather than on
U, -measurements-estimates. The U (z)-fields used in their study were all synthetic. In the
present study, the focus is on the influence of a measured (i.e., non-synthetic) variable U, (x)
on the U, -measurement-estimate of a scintillometer.

The measurements investigated in this study are taken in the urban environment. In such an
environment the wind speed and direction is-are spatially variable (Bornstein and Johnson,
1977), making it a suitable environment to study the influence of a variable U, (z) on the
scintillometer measurements-estimates of U, . Key to this study is-are measurements of the
variability of U, (z), that are estimated by a scanning Doppler lidar (LIght Detection And
Ranging). In this experiment the Doppler lidar was set up in a horizontal scan configuration, in
order to estimate the horizontal wind speed and wind direction along the scintillometer path
using a duo-beam method as was done in Wood et al. (2013c) above the River Thames in
London.

The measurements were taken in Helsinki, Finland, as part of the Helsinki Urban
Boundary-Layer Atmosphere Network (Wood et al., 2013a). The strong spatial and temporal
variability of U, (z) induced by buildings poses challenges for both the Doppler lidar and the
scintillometer technologies: (i) the Doppler lidar, since one assumes homogeneity of the wind
field within each range-gate (sampling bin) for both beams: and (ii) the scintillometer, since
both S1;(f) and r15(7) used in the U -retrieval algorithms, are influenced by a variable U (z)

although the algorithms do not take this influence into account (van Dinther et al., 2013; van
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Dinther and Hartogensis, 2014). We are, therefore, working at the limit of both measurement
technologies.

The main goal of this study is to investigate the performance of the scintillometer to measure
U, in conditions where U, (x) is variable. In order to do so, firstly-the-scintillometer estimates

of U, are compared to estimates that of the Doppler lidar. However, also for the Doppler lidar
the heterogeneous wind conditions are challenging. Therefore, before the scintillometer and

Doppler lidar U estimates are compared to each other the applicability of the Doppler lidar to
estimate U l( ) wHerels mvestrgated by comparrng with sonrc anemometer measurements

measuremeﬂt%Lastly, four cases WI|| be selected where Uy (z) measureeLestAlrn/g\tAegm by the
Doppler lidar is used to obtain the theoretical S1;1(f) and r12(7), from the models given by
Clifford (1971) and Lawrence et al. (1972), respectively. The influence of a variable U, (z) on
the theoretical S11(f) and r12(7) gives insight into the robustness of the scintillometer
methods to obtain U} .

2 Theory and Methods
2.1 Scintillometry

A scintillometer consists of a transmitter and a receiver. The-transmitteremitstight-with-a
eertain-wavelength;-which-is-refractectn this study, a large aperture scintillometer is used of
which the transmitter emits near-infrared radiation. This radiation is scattered by eddies in the
atmosphere. The eddy-field-inthe-atmosphere is turbulent{i-e-coenstantly-changing);therefore
the-receivermeasures-intensity-fluctuations-, leading to an eddy field which constantly

changes. The intensity measured by the receiver, therefore, fluctuates on short time-scales
(~ 1 s). When-For these time-scales Taylor’s frozen-turbulence assumption is valid, making

U, isthe only driver of changes in the eddy field.

The value of U, can be obtained from the seintiltation-sigratintensity fluctuations (also
referred to as scintillation signal) by either the scintillation power spectrum or time-lagged
correlation function. In this study we will use the cumulative spectrum method to obtain U
from S11(f) (van Dinther et al., 2013), and the lookup table method to obtain U, from 715(7)
(van Dinther and Hartogensis, 2014).
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2.1.1 Scintillation-spectra

A detailed description of hew-T—ecan-be-determined-from-seintillation-speetra-is-the methods

are given in van Dinther et al. (2013) —A-and van Dinther and Hartogensis (2014) , a brief
outline of the me%he&t&mglven below.

2.1.1 Scintillation spectra

The scintillation spectrum (S11(f)) gives insight into which frequencies contribute to the
variance of the scintillation signal. Clifford (1971) describes a theoretical model of the
scintillation spectrum. Adjusting this model for a large-aperture scintillometer (as used in this
study) gives (Nieveen et al., 1998):

S (f) =167 /1 7 o, ()sin? (BB (e, 01 - on7] o
0 2nf /UL (2)

2J1(0.5K D) 2J1(0.5K Drar) \ 2 ( 2J1(0.5K D(1 — 2)) 2J1(0.5K D7(1 — z)) 2dem (1)
0.5KDz _ 0.5KDgx 05KD(1—x) O05KD!T(1—x)

where f is the frequency for which Sy, is representative, k is the wave number of the emitted
radiation, K the turbulent spatial wave number, L is the scintillometer path length, x is the
relative location on the path, J; is the first-order Bessel function -—-5-of the first kind, Dy is the
aperture diameter of the scintittometer, receiver, Dy is the aperture diameter of the transmitter,
and ¢, (K) is the three-dimensional spectrum of the refractive index in the inertial range given
by Kolmogorov (1941). As can be seen in Eq. (1), U, (z) influences the scintillation spectrum.
In fact, the scintillation spectrum shifts linearly across the frequency axis as a function of U, .
Therefore, by obtaining a characteristic point in the spectrum, U, can be obtained

The cumulative spectrum is obtained by integrating a scintillation spectrum from low to high
frequency and normalizing this integration by the variance in the scintillation signal. The
cumulative spectrum method takes into account multiple characteristic frequency points (fcs),
which are in this study defined as the frequency points where the cumulative spectrum is 0.5,

0.6, 0.7, 0.8, and 0.9 —Feratt-(as in van Dinther et al. (2013) ). For each of these five points, a
5
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value of U, is determined by:

U, =Ccs - fcs, @)

where Ccs is a constantiorwhich-the-value-is-determined-unique constant, which depends on
the experimental setup and scintillometer used, that can be derived from the theoretical 51, (f)
(Eq. (1)), by filling in values of U, and assuming that U, (x) is constant, for the five different
frequency points. The-Subsequently, the five different U -values are averaged to obtain one
value of U, per cumulative spectrum. In this study we will investigate ifto what extend the
assumption that Ccs = constant alse-holds when U, (x) varies. This investigation is carried
out by means of four cases where the U, (z)-meastrements—estimates of the Doppler lidar
are used in Eq. (1) to obtain the theoretical S11(f). Therefore, Eq. (1) is not integrated for «
over 0 to 1, but over the 139 range-gates measured by the Doppler lidar (see Sect. 4.3). The

cumulative spectra are in-this-study-obtained over 10-min periods —in this study.

2.1.2 Time-lagged correlation function

The value of U, can be obtalned from a dual- aperture scintillometer (scmtlllometer with %we

spatialty-separated-transmitters-and-reeeivershorizontally displaced beams) using r12(7). The
benefit of the methods relying on r12(7) instead of S11(f) is that also the sigrn-crosswind
direction (i.e., the sign of U ) can be obtained from r15(7). Another benefit is that r1»(7) can
be determined over a short time-scale (~ 10 s), while S11(f) needs to be determined over a
longer time-scale (~ 10 min). On the other hand, r12(7) needs to be obtained from a
dual-aperture scintillometer, while scintillation spectra can in principal be obtained from the
more-widely-avaitable-single-aperiure-seintitometers—every type of scintillometer.

The crosswind transports the eddy field through the scintillometer beams. When-frozen
turbulence-is-assumed;-the For a dual-aperture scintillometer the two transmitters and
receivers are in general setup with only a small separation distance (~ 10 cm) between the

making that the eddy field barely changes (i.e., frozen turbulence assumption can be
assumed). The signals of the two spatially separated scintillometer beams should be-thus be

almost identical except for a time shift. This time shift is related to U, and can be obtained
6
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from r12(7). A theoretical model of the time-lagged covariance function (C12(7)) is given by
Lawrence et al. (1972), here including the large-aperture averaging terms of Wang et al.
(1978):

Cia(1) = 167r2k2/17K {KZL:;(]C)] Jo{K[s(x) = U, (z)7]}
00

2
dKd 3
MW&N 0.5I(Dt(1 —x) 0.5KD1(1— :L') } z 3

where J, is the zero-order Bessel function +-of the first kind, and s(x) is the separation

distance between the two beams at location zon-the-path,-Dris-the-aperture-diameterof-the
receiver-and-Dris-the-aperture-diameter-of-the-transmitter. The theoretical r12(7) can be
obtained by dividing the theoretical C;2(7) by the theoretical C11(7), where Cy1(7) is givernby
obtained from Eq. (3) by taking s(z) = 0 (i.e., variance of the signal).

In this study, we will use the lookup table method to obtain U, from r15(7). Fhelookup-table
eonsists-A lookup table is created with values of the theoretical r12(7) (using Eq. (3)) given a
range of U, values (resolution of 0.1 m s~1) and time-lag values (resolution of 0.002 s, related
equal to the measurement frequency of the scintillometer) (van Dinther and Hartogensis,

2014). When-creating-the-lookup-table-Note that U, (z) is assumed to be constant —in-order
te-obtain-when creating the lookup table. The estimate of UL +is obtained by comparing the
measured r13(7) is-compared-values to the theoretical 12 (7) values ;given-different-vatues-of
—ofof the lookup table. The theoretical 15(7) that has the best fit with the measured r12(7)
thus yields the value of U, .

The effects of having a variable U (x) on r1»(7) and thereby on U will be investigated by
means of four cases (see Sect. 4.3). For these four cases Eq. (3) is integrated over the 139
steps-ofz-with-range gates given the different values for U, () estimated by the Doppler lidar.
In this study r1»(7), and thereby U, are determined over 10-s intervals. For the comparison
between the scintillometer and Doppler lidar the 10-s U -values are arithmetically averaged to
10 min.

[2J1 (0.5K D,x) 2.J; (0.5K Dra) ] 2{ 2, [0.5K D,(1—x)] 2J;[0.5K Dr(1— )]
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2.2 Doppler lidar

In this study, a HALO Photonics (Malvern, UK) Streamline scanning Doppler lidar is used. Full
details of this type of Doppler lidar are described in Hirsikko et al. (2014), but briefly
summarized here. The Doppler lidar emits pulses of radiation at a wavelength of 1.5 pm; any
backscattered radiation from aerosols is used to estimate wind in the atmosphere by
assuming that aerosols are perfect tracers of the wind. In the returned signal there is a
Doppler shift, which enables calculation of the Doppler velocity, i.e., the velocity in the
direction in which the Doppler lidar beam is pointing (also referred to as radial or along-beam
wind). However-in-this-study

In this study, the crosswind component of the wind speed is needed in order to compare with
scintillometer me y
seintitormeterestimates. The requwed wmd component can be estlmated from the radlal
Doppler velocities by applying the duo-beam method (Wood et al., 2013c), where-which
determines the horizontal wind speed and wind direction eaﬁpeesﬁma{ed#em#%eﬁepplef
Hdaemeasufemeﬁ%usmg trigonometric identities, from which U, (z) can be determined.

The duo-beam method relies, as the name implies, on two sets of measurements from the
Doppler lidar: at two different azimuths (i.e., beam-pointing directions in the horizontal plane).
A detailed description of this method is given in Wood et al. (2013c), a brief outline of the
method is given here. The radial velocity (V}Y) for each range-gate (g), as measured-estimated
by the Doppler lidar, and beam angle (b) is given by

Vg =UY9cos(¢? +m—0y), “4)

where U9 is the transect wind speed, ¢9 is the wind-direction bearing from north, and 6, is the
bearing of the beam angle. When applying Eq. (4) for two beams, with different 6,, the two
unknowns U? and ¢¢ can be solved, by assuming VY = V;J. From U¢ and ¢9, the value of U,
can be obtained for each range gate. It is implicit in thls method that the wind field is constant
between the two lidar beams. Clearly this is not the case in the atmosphere, and one might
expect the effects to average out above the roughness sublayer. But in the roughness sublayer
there will inevitably be error, perhaps including bias, caused by this implicit assumption.
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3 Experimental setup

The measurements were conducted in Helsinki, Finland, as part of the Helsinki Urban
Boundary-Layer Atmosphere Network (Wood et al., 2013a, http://urban.fmi.fi). The
measurements in the present study were taken from the-1% to the-15t of October 2013. The
measurement devices used in this study are a scintillometer, a Doppler lidar, and two sonic
anemometers. A layout of the measurement devices is given in Fig. 1.

The scintillometer used in this study is a BLS900 ef-Seintee{(Scintec, Rottenburg, Germany)
running with SRun software version 1.09. Note that in this study the output of U, given in
SRun is not used. The BLS900 is a scintillometer with two transmitters and one receiver. Raw
signal intensities were measured and stored at a frequency of 500 Hz. The setup of the
scintillometer is the same as that of other recent Helsinki scintillometer work (Wood et al.,
2013b). The scintillometer measured over a path of 4.2 km. The transmitter unit was placed at
a height of 67 m, while the receiver was placed at a height of 52.9 m (see Fig. 1). The
orientation of the scintillometer was riearrorth—south-axis-nearly north—south (17°) —
therefore, the wind was near-perpendicular to the scintillometer path when it was blowing from
the east or west. In this study, U is defined as positive when the wind is blowing from the
west into the path.

The Doppler lidar was placed near the receiver of the scintillometer at a height of 45 m. Each
ray lasts for 1 s and is repeated eachevery 4 s. Every 5 min, a set of 10 rays (i.e., taking 40 s)
was made comprising different beam angles. From this set, only the 174 and 196°azimuth
angles were used in this study, see Fig. 1. This pair was wider apart than desired, due to
line-of-sight issueswhich-are-typicaHor-urban-environments. The elevation of the beam was
0.45°. The Doppler lidar data are given in a series of 30-m range-gates centered from-at
distances 105-9585 m from the instrument, but data were only needed until 46954155 m (i.e.,
139 range-gates corresponding to the length of the scintillometer path). However — given the
atmospheric aerosol loading, sensitivity of the instrument, and integration times — sometimes
not enough signal ear-be-could returned from the farthest gates and therefore results in a
limited range of the data. In order to compare the Doppler lidar measurements-estimates with
U, measurements-estimates of the scintillometer, two of the Doppler lidar seans-estimates
were averaged. Therefore, U, measurements-estimates of the Doppler lidar were available at
10-minute intervals.
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A 3D sonic anemometer was located at 75 m height (near the scintillometer transmitter unit at
Hotel Torni, denoted here as "Anemometer south”) and another at 60 m (near the receiver at
the so-called SMEAR-III-Kumpula station, denoted here as "Anemometer north”), see Fig. 1.
Due to the mast mounting, the wind directions are more uncertain for 0-50°for Anemometer
north, and in between 50—185°for Anemometer south. Fortunately, the wind directions during
the study were mainly 210-350°. For more details of the anemometer setup see Jarvi et al.
(2009) and Nordbo et al. (2013). The value of U, measured by each of the anemometer
anemometers was added to the beginning and the end of the Doppler lidar-path
meastirementsestimates, giving a fuller path of U (z). The measurements-estimates of U, (z)
were path-averaged according to the scintillometer path-weighting function given by Wang

et al. (1978) for comparison with U, meastred-estimated by the scintillometer. In case of

calculate the estimate of U, of the Doppler lidar. Note that because of the bell-shaped
path-weighting function, the anemometer measurements are barely (only for 2.5 %) included
in the weight-averagee-path-weight averaged U, measurements-estimates over the path. For
the comparison between Doppler lidar and scintillometer, an arbitrary requirement was that at
least 50 % of U, (x) of the Doppler lidar data were available along the first-139-range-gates

{i-e-corresponding-to-the-scintilometerpath)scintillometer path.

4 Results and discussion

4.1 Doppler lidar path-resolved crosswinds

For the Doppler lidar, the urban environment is challenging, since the duo-beam method
assumes a homogeneous wind field at each range-gate distance. This assumption will be
violated to an unknown degree as the pair of beams diverges. Therefore— before comparing
the scintillometer with the Doppler tidar;-lidar— measurements periods and conditions are
identified where the Doppler lidar differs from south anemometer measurements. We evaluate
the difference between U () measured-estimated by the Doppler lidar and U, measured by
the south anemometer, to see the impact of the wind direction and building height (see Fig. 2).
Note that a perfect agreement between the Doppler lidar and anemometer measurements
estimates is not expected, since the measurement locations are different. The first ten

10
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range-gates of U, of the Doppler lidar compared well with that measured by anemometer
north for the time-period studied, with root-mean-square error (RMSE) values of 0.57 m s~!
Hirsikko et al. (2014) showed for the same experimental setup, but a different time-period, a
RMSE of 0.53-0.67 m s~! for the Doppler velocity between Doppler lidar and sonic
anemometer.

It should be noted that the sign of U, (z) is determined by the wind direction estimated by the
Doppler lidar. When the wind is near parallel to the path, a small ehange-in-grror in the
estimated wind direction can result in a-sigh-change-an error of the sign of U, (z). Hewever-in
geneFaHh&%ﬂfaJtm&afﬁeasmqawqueseeeﬂdeH&The wind directions where the
wind is near-parallel to the path (167-227°and 347—47°) are denoted in light-red shading in
the lower figure-panel. It can clearly be seen that there is a substantial difference between
Doppler lidar and anemometer for these wind directions, especially when the wind is blowing
from 200—227°. Even sign changes of the difference are observed. Besidesbeing-paraliet-to
the-path,the-The winds from the 200—-227°directions are also strong (> 5 m s™!). Therefore,
besides-being-paratiet-te-the-path;-the corresponding U, (x)-values are still moderate
(absolute up to 3 m s~!) for these wind directions. A small error in the wind direction can
therefore result in a sign change of a moderate U, (z), which is indeed what we see in Fig. 2.
Also for the wind direction 347—46°there is a clear difference between U, (z) of the Doppler
lidar and U, of the anemometer, with vatues-differences up to 10 m s~1. Whilst we might
expect differences in the roughness sublayer, to have such large differences for hundreds of
meters seems unrealistic. Perhaps this is a breakdown of the homogeneity assumption
required for the duo-beam method. Whatever the cause, it is deemed that Doppler lidar values
where the wind direction is 167—227°and 347—46°are excluded for the rest of the study (also
even-when selecting the four cases).

The difference between Doppler lidar and anemometer U is also large from 2000—2500 m
along the Doppler lidar path (indicated in light red in Fig. 2 on the right). This is probably
caused by differences in the wind fields measured by the two beams, since the targe
divergence-between-the-beams-especially-whenthe-196°-beam passes near to a high church
tower (Kallio, about 93 m asl) which is located at-around-35 m from the 196°-beam and at
2300 m distance —from the Doppler lidar (see Fig. 1b). Although the church tower is somewhat

to the east of the Doppler lidar path it has-apparentty-atse-apparently has a significant
influence on the wind-field meastred-estimated by the Doppler lidar. The church ereates

heterogeneity-inthe-wind-field-alters the wind field of one of the Doppler lidar path 196°),
11



20

25

30

while the other beam (174°) does not encounter this alteration. Thus, the wind field sampled

the two Doppler lidar beams are not homogeneous, which causes problems for the
duo beam method. Therefore, we also excluded U, (z)-values meastred-estimated by the

Doppler lidar from 2000-2500 m for the validation-of-seintitometermeasurements-evaluation
of scintillometer estimates with Doppler lidar meastrementsestimates. However, in order to
evaluate the response of a variable U, (z) on S11(f) and r12(7), and thereby on U, measured
estimated by the scintillometer, the four selected cases need the complete U, (z) of the
scintillometer path. Therefore, when selecting the four cases the value of U, (x) had to be
below 1.5- U, (of the Doppler lidar estimates) for 2000 m < z < 2500 m.
Although, the data where the wind direction was 167-227°or 347—46°are excluded, as are the
data 2000-2500 m along the Doppler lidar path, there are still enough data-points left for the
companson between Doppler lidar and scintillometer. ?eJeetnetudeermtheeempaHeenet
The exclusion resulted in
1288 10-min data pomts (60 % of the data) for the comparison between Doppler lidar and
scintillometer. For the four cases, the complete scintillometer path had to be covered by the
Doppler lidar. The four cases selected are indicated in Fig. 2. These cases are spread over
the measurement period, and have different U, values. In order to smooth the Doppler lidar
data slightly, a moving average of 5 points was applied to U, (x). The results of the four cases
are presented in Sect. 4.3.

4.2 Path-averaged crosswinds

In this section, U, obtained by the scintillometer are-is compared to that of the Doppler lidar.
Note that the scintillometer path and the Doppler lidar duo-beam setup are not measuring

exactly-the-same-atmosphere-sampling the same part of the atmosphere exactly (see Fig. 1).
Therefore, a perfect one-to-one correlation cannot be expected. The-theoretical-difference

betweee%ebtaﬁﬂredneyLHowever the he| ht difference between the scmtlllometer and

setnthemeteeFeHht&setuetheeeﬂwHemeteeweuteFevefeeﬁmatethe Do pler Ildar beam
causes a negligible difference in the U, eempared-to-the- Dopplertidarby-a-mere-estimates.
Assuming a neutral wind profile the difference in U is merely 1.1 %% (with a higher U |

12
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estimate of the scintillometer), which assures that the height difference between the two
measurement devices should not influence the comparison Note that this theoreticat

ngagg@gvmwagcw in reallty wtumals more compllcated since part of the
measurements are done in the roughness sublayer where logarithmic wmd proﬁles are not
appllcable W "

We first focus on the result of the cumulative spectrum method (Fig. 3a). Note that the plots in
Fig. 3 are colored with the standard deviation path-averaged by the scintillometer
path-weighting function (STDy 1, L.€., fluctuations of U, (z) in the middle of the path contribute
more to STDy_than those at the ends of the path). Recall that the sign of U is unknown with
the cumulative spectrum method, and thus the absolute values of U, are compared to each
other. There is a reasonable correlation between U, of the scintillometer and Doppler lidar,
with an RMSE of 0.73 m s~1. However, for higher path-weighted standard deviation along the
scintillometer path (STDy, ), more scatter occurs between the scintillometer and Doppler lidar
measurementsestimates. Only taking into account the data points where STDy; > 2ms™!
leads to an R? value of 0.32 and an RMSE of 0.86 m s~1. This higher scatter when

STDy. > 2 ms~1, indicates the difficulty in-of obtaining U, when the wind field is more
variable along the path. An RMSE of 0.73 m s~! is reasenably-low. For measurements in
London (Wood et al., 2013c) for comparable wind conditions, horizontal wind speed RMSEs
were found of 0.35 m s~ between two sonic anemometers on the same mast,

0.71-0.73 m s~! between two sonic anemometers on different masts, 0.65-0.68 m-s—_m s
between Doppler lidar and sonic anemometers. And for U, Wood et al. (2013c) showed, an
RMSE of 1.12—2.13 m s~ ! between scintillometer and Doppler lidar. For a flat grassland site,
where U, (z) can be assumed to be rather homogenous, van Dinther et al. (2013) and van
Dinther and Hartogensis (2014) showed RMSE values of guality-cheekee-quality-checked data
of 0.41-0.67 m s~! between a scintillometer and sonic anemometer for similar U | -conditions
(in absolute values is between 0 and 6 m s~*. Therefore, we can conclude, that despite the
higher scatter for variable U (x)-conditions, both measurement techniques seem able to
obtain U, in this challenging environment.
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In Fig. 3b, U, obtained by the lookup table method is compared to the Doppler lidar
measurements—estimates. Note that the following regression statistics are obtained when

absolute U, -values are considered for the lookup table method: RMSE of 0.73 m s,
=0.762 + 0.83, and R? = 0.53 Just like the cumulative spectrum method, there is a clear

correlation between U, meastred-estimated by the scintillometer and that measured
estlmated by the Doppler Ildar ?heﬁMSEr&feHhe%ekuptableﬂﬂe%heerst@hﬂwem@f

methedfrtse#retésrﬂeeetgﬂefrCon&derm the regression statlstlcs of the absolute U, {here

only-four-points)—Besides-having-atower RMSEthefitof- U-—ofare very similar with the
same RMSE and S|m|lar regression equation sI| htly better fit for the Iookuptable methodeth

lower-offset{0-79-compared-to-0:97). The scatter of U, of the Iookup table method Wlth the
Doppler lidar meastrements-are-alse-estimates is somewhat lower than that of the cumulative

spectrum method with an R?-value of 8-56-0.53 compared to 0.47. For the lookup table, the
scatter is also higher (R? of 0.37 and RMSE of 0.88 m s~!) when U (z) is very variable

(STDy,. > 2ms™Y).

Overall, both scintillometer methods are able to obtain a similar U, as the Doppler lidar. This
indicates that both the Doppler lidar and scintillometer are able to obtain U, over the complex
urban environment. However, bear in mind that in order to achieve these results certain wind

directions and a certain section of the path were not take into account (see Section 4.1). The

lookup table method showed the best results, with the lowest RMSE and scatter.

4.3 Variable crosswinds along the path

Four cases were selected to investigate the influence of a variable U, (z) on S;1(f) and
r12(7); A, B, C, and D (see top panels Fig. 4 and Table 1). As a measure of the variability of
U, (), the weight-averaged standard deviation of U, (z) is normalized by U, (STDy .). For
case B and D, U, is reasenably-high-moderate with a U, of 3.3 and 3.9 m s~ ! respectively.
The variability of U, () is similar for both cases, with reasonable high values for STDy | .. of
0.39-0.41. For case C, U, is reasonably low with a U; of 1.6 m s~1. Although U, is low, the
variability of U, () is high with a value of STDy . of 0.63. For case A, U, is moderate with a
value of 2.8 m s~1. The variability of U, (x) is moderate, with a STDy . of 0.36. For these four
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cases, the theoretical S11(f) and r12(7) are calculated using Eq. (1) and Eq. (3), respectively.
We first focus on the results-of-the-cumulative scintillation spectra (CS, given in the middle
panels of Fig. 4). Remember that the cumulative spectrum method determines U, from the
frequencies where the CS is 0.5, 0.6, 0.7, 0.8, and 0.9. Therefore, in Fig. 4 the cumulative
spectra are zoomed into these points. For simplicity we abbreviate the cumulative spectrum
obtained from the scintillometer as CS..nt, the cumulative spectrum obtained from Eq. (1)
using U, () of the Doppler lidar as CS,.,u1, and the cumulative spectrum obtained from

Eq. (1) usmg UL of the Doppler lidar as CSconstUL We%rrsﬂeeu&eﬂ%hekresuﬁseﬁthe

There is a difference between CS,,y1 and CS.nstu1 for all four cases. Therefore, the CS is
indeed influenced by a variable U, (x) as was suggested by van Dinther et al. (2013). Recall
that when a ©S-poeints-CS-point shifts to a higher frequency, the retrieved value of U, will be
higher; and the other way around (see Eq. (2)). The CS-points of 0.5, 0.6, and 0.7 lie at lower
frequencies for CS,.,y. than for CS,nstu1, While the 0.9 CS-point lies at higher frequencies.
CSqcint IS more similar to CS,,,y1 than to CSeonstu 1, Which indicates that Eq. (1) is also
applicable when U () is variable.

The results of applying the cumulative spectrum method to CSg,: and CS,,y1 are given in
Table 1. If the assumption of the cumulative spectrum methods, that Ccs of Eq. (2) is constant,
helds-also-also holds for variable U, (), then the value of U, of the Doppler lidar should be
identical to that of Ucsyaru - For case D this is indeed the-case-true.

However, for case A, B, and C Ucsyaru . is 0.2 m s—1 lower than U, i4.,. Therefore, the
assumption that C¢s is constant does not hold. However, the error that is made in U is
reasonably small (0.2 m s~1). This small error is due to the fact that the cumulative spectrum
method calculates U for five frequency points and then averages these to obtain one value
for U, (see Sect. 2.1.1). For the 0.5, 0.6, and 0.7 CS-point, Ucsyaru. IS underestimated, while
for the 0.9 CS-point Ucsyay. is overestimated. Therefore, applying a method with only one
frequency point to obtain U, is more likely to have a higher error. This makes the cumulative
spectrum method the most suitable method to obtain U, from Si1(f) when U, (z) is variable,
compared to other methods suggested by van Dinther et al. (2013). Alternatively, to obtain U
even more reliably from Sy1(f) in variable U, (x) conditions, an approach similar to the lookup
table method can be applied. A lookup table can be created of the theoretical CS for different
U, -values and also different variabilities of U, ().

15




20

25

30

Next we focus on the results of the lookup table method, which relies on r15(7) to obtain U
(given in the bottom panels of Fig. 4). What stands out is that for all cases, except case B,
there is a substantial difference in magnitude between r15 o,y (7) (grey solid lines) and

12 constU L (T) (grey dotted lines). However, the magnitude of r15(7) does not influence U,
obtained by the lookup table method, but the shape of r12(7) does. The shape of r12(7) also
changes when U, (z) is variable: it becomes wider. For all four cases 15 varuL (7) resembles
r12 saint(7) better than r1» constu 1 (7). This resemblance indicates that the theoretical model of
Lawrence et al. (1972) (Eqg. (3)) can be used to obtain r15(7) also given a variable U, (z). The
fact that variable U, (x) causes a wider r1»(7) can cause an underestimation of U, obtained
by the scintillometer, since low U, values cause high r;-values at high 7 values. For the four
cases selected in this study U, calculated from r1, oy is indeed toe-tow-lower than U

estimated by the Doppler lidar (see Table 1). The error is in this study defined as the difference
between U, estimated by the Doppler lidar and U, obtained from r15(7). For case C and D

the error is reasonably high with a value of 0.8 m s~1. This high error is caused by the fact that
for these two cases r12(7) is not only lowered by the variable U, (z), but the peak in r12(7)
also changes location and (7)) becomes much wider due to the variable U, (x). For these
cases STDy_ . is also high with values of 0.63 and 0.41, respectively. Although the error with
the Doppler lidar meastrements-estimates is high for case C and D, the meastired-estimated
U scint Of the lookup table method are for these cases exactly identical to that of rioyaru 1 (7).
Therefore, by-if the lookup table was expanded to also including variable U, (x) in-the-field the
results of the lookup table method theresutts-of-this-methoe-in a more challenging
environment ean-could be improved. The underestimation of U, given in the cases is however
not clearly visible in the comparison Doppler lidar and scintillometer (see Sect. 4.2 Fig. 3).
Although, we do see that a higher STDy, causes more scatter between U, of the
scintillometer and Doppler lidar.

From the analysis of these four cases, it follows that the present cumulative spectrum method
is better equipped to obtain U, than the lookup table method. However, as mentioned before
the lookup table method can be adjusted to alse-take into account the variability of U, (z). The
underestimation of U, found for the four cases for both methods was not clearly
distinguishable in Sect. 4.2. Though more scatter occurred between U, measured-estimated
by scintillometer and Doppler lidar when STDy,; was high (> 2 ms~1).
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5 Conclusions

In this study, meastrements-estimates of U, above the urban environment of Helsinki from
sonic anemometers and Doppler lidar data were compared with scintillometer data. The
anemometers measured at either ends of the scintillometer path, and the Doppler lidar was
peinted-horizontatly-aterng-measuring alongside the scintillometer path. For the Doppler lidar
duo-beam method, sign problems of U, naturally occurred when the wind direction was
perpendicttar-parallel to the scintillometer path (167—227°and 347—-47°). In the middle of the
path (2000—-2500 m) a church tower near one of the Doppler lidar beams resulted in problems,
presumably because of the heterogeneity it introduced in the wind field. Therefore, for the
comparison with the scintillometer these points were excluded.

For the scintillometer, two different methods were tested: the cumulative spectrum method
(van Dinther et al., 2013), based on 511 (f), and the lookup table method (van Dinther and
Hartogensis, 2014), based on r12(7)). Both methods gave similar results as the Doppler lidar
meastrements;-albeit-estimates, although with scatter between the Doppler lidar and the
scintillometer (especially for conditions where STDy, > 2 m s™!). Still, given that the Doppler
lidar and scintillometer did not sample the exact same area in this urban environment, the
good fit and low RMSE (< 0.73 m s™!) indieates-indicate that both measurement devices are
able to obtain U, given the data treatment applied in this study,. For the scintillometer the
method relying on r15(7) (lookup table method) is preferable, since r15(7) is determinable over
short time scale (~ 10 s) compared to scintillation spectra (~ 10 min) and it also includes
information about the sign of U, .

Four cases were selected to investigate the influence of a variable U, (x) on U, measured
estimated by the scintillometer. Variability of U, (z) causes only a slight difference between U,
obtained by the cumulative spectrum method and Doppler lidar (error < —0:20.2 m s~1). r12(7)
was more affected by a variable U, (x)-field than Sy, (f) leading to higher errors in U
obtained by the lookup table method (error < —06-80.8 m s—!). The lookup table method can ;
however, be adjusted by-atso-inctudinig-to include heterogeneous wind fieldsir-theloekup-table
method; thereby, probably making the scintillometer more suitable to obtain U, in a more
challenging environment.

By applying two scintillometers with paths perpendicular to each other, not only U, could be
obtained, but also the wind direction and horizontal wind speed. Thereby, obtaining an
area-averaged value of the horizontal wind speed and wind direction above an urban
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environment. This would be directly useful for nowcasting for meteorology and for atmospheric
composition (AC); and also in the development of models of AC and numerical weather
prediction.
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Table 1. Crosswind for the four cases meastred-estimated by the Doppler lidar, and scintillome-
ter (using either cumulative spectra, CS, or time-lagged correlation function, r12(7)). UivaruL iS
given by the theoretical CS and r2(7) using the variable U, (x) meastree-estimated by the

Doppler lidar.
Case DOY HH:MM | Doppler lidar CS r12(7)
(UTC) UiJ_ STDUJ_* Uscint UvarUJ_ Uscint UvarUJ_
A 276 19:47 | 2.8 0.36 3.5 2.6 3.2 2.5
B 280 06:57 | 3.3 0.39 3.4 3.1 4.1 3.0
C 283 22:57 1.6 0.63 1.6 1.4 0.8 0.8
D 286 04:27 | 3.9 0.41 3.5 3.9 3.1 3.1
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Fig. 1. (a) Experimental setup with the locations of the instruments in Helsinki indicated, in-
cluding Doppler lidar-beam azimuths of 174 and 196°; shading is buildings/roads (white),
grass/trees (green), and water (blue) (land cover data-source: HSY, 2008); the city-center is
roughly the lower half of the map area. (b) A cross-section (height m asl) of the scintillometer
beam and Doppler lidar 196°-beam; btilding-average building height and maximum building
height are with respect to £250 m laterally of the 196°-beam (building height data source:
PalTuli, 2012).
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Fig. 2. The upper left panel shows the difference in U, meastired-estimated by the Doppler lidar
duo-beam method compared with the south anemometer (colorbar) as a function of Doppler
lidar beam distance (resolution of 30 m) and time (resolution of 10-min, DOY = day of year). The
right panel shows the height (asl) of the Doppler lidar beam and building height (BH) £ 25 m
laterally underneath the paths (total, and under beam with azimuth 174 and 196°). When there
are no buildings below the path, BH indicates the height of highest ground point or zero when
it is over sea. The lower panel shows wind direction against DOY from the south anemometer.
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Fig. 3. (a) Crosswind measured-10-min averages estimated by the scintillometer (U scint) US-
ing the cumulative spectrum method against Doppler lidar crosswind (U Ligar). (b) Crosswind
meastred-estimated by the scintillometer using the lookup table method against Doppler lidar
data. Both plots are color coded with the Doppler lidar-derived path weighted standard devia-

tion of the crosswind along the 4.2 km path (eetorbar-en-therightsee legend). The one-to-one

tine-lines are shown in thick black
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Fig. 4. Four cases (A, B, C, and D) with in the top panels the transect of U, (), in the middle
panels the corresponding CS, and in the lower panels the corresponding r12(7). The measured
estimated CS and r12(7) of the scintillometer are given in black solid lines, the theoretical CS
and r12(7) given U, (z) of the Doppler lidar are given in solid grey lines, and the theoretical CS
and r1»(7) given U (z) = U, are given in dashed grey lines.
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