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1 DESCRIPTION

Contained in this document are details concerning wind measurements made at all NEON sites.
Specifically, the processes necessaryto convert “raw” sensor measurements into meaningful scientific
units and their associated uncertainties are described. Wind will be continuously monitored by NEON at
all core and gradient sites via 2- and 3-dimensional sonic anemometers; this document focuses on 2D
sonic anemometers.

1.1  Purpose

This document details the algorithms used for creating NEON Level 1 (L1) data products (DPs)and
ancillary data as defined in this document (such as calibration data) obtained via instrumental
measurements made by the 2D sonic anemometers. Itincludes a detailed discussion of measurement
theory and implementation, appropriate theoretical background, data product provenance, quality
assurance and control methods, approximations and/or assumptions made, and a detailed exposition of
uncertaintyresulting in a cumulative reported uncertainty for this product.

1.2 Scope

The theoretical background and entire algorithmic process used to derive Level 1 data from Level O data
for 2D anemometers are described in this document. The employed anemometers are Gill's Wind
Observer Il (WOII) and Extreme Weather Wind Observer (EWWO0). The WOII has two versions: heated
and non-heated; use of either will be site dependent throughout the Observatory. This document does
not provide computational implementation details, except for cases where these stem directly from
algorithmic choices explained here.
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2  RELATED DOCUMENTS AND ACRONYMS

2.1 Applicable Documents
AD[01] [ NEON.DOC.000001 | NEON Observatory Design
AD[02] [ NEON.DOC.005003 | NEON Scientific Data Products Catalog
AD[03] [ NEON.DOC.002652 | NEON Level 1, Level 2, and Level 3 Data Products Catalog
AD[04] | NEON.DOC.005005 | NEON Level 0 Data Products Catalog
AD[05] | NEON.DOC.002002 | Engineering Master Location Sensor Matrix
AD[06] | NEON.DOC.011081 | ATBD QA/QC plausibility tests
AD[07] | NEON.DOC.000783 | ATBD De-spiking
AD[08] | NEON.DOC.000782 | ATBD QA/QC Data Consistency
AD[09] | NEON.DOC.000746 | Evaluating Uncertainty (CVAL)
AD[10] [ NEON.DOC.000387 | 2D Wind Sensor Configuration, Command and Control
AD[11] [ NEON.DOC.000785 | TIS Level 1 Data Products Uncertainty Budget Estimation Plan
AD[12] | NEON.DOC.000784 | ATBD Profile Development
AD[13] [ NEON.DOC.000927 | NEON Calibrationand Sensor Uncertainty Values (CVAL)?
AD[14] [ NEON.DOC.000902 | 2D Sonic Anemometer Validation Procedure (CVAL)
AD[15] | NEON.DOC.000387 | 2D Wind C3 Document
AD[16] | NEON.DOC.001113 | Quality Flags and Quality Metrics for TISData Products
AD[17] | NEON.DOC.001449 | C3 AQU 2D Wind Ultrasonic Anemometer
2.2 Reference Documents
RD[01] [ NEON.DOC.000008 | NEON Acronym List
RD[02] | NEON.DOC.000243 | NEON Glossaryof Terms
2.3 Acronyms and Variables
Acronym Explanation
A Mean, minimum angular distance
A; Individual, minimum angular distance
A Individual, corrected, minimum angular distance
A/D Analog to Digital
ATBD Algorithm Theoretical Basis Document
CVAL NEON Calibration, Validation, and Audit Laboratory
DAS Data Acquisition System
DP Data Product
ENG NEON Engineering department
EWWO Gill’s Extreme Weather Wind Observer 2D Sonic Anemometer
LO Level 0

! Note that Cl obtains calibration and sensor values directly from an XML file maintained and updated by CVAL in
realtime. This reportis updated approximately quarterly suchthatthere may be alag time between the XML and
reportupdates.
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L1 Level 1

LHDD Location Hierarchy Design Document

S Wind Speed

U Meridional (north —south) vector component

uQ Unquantifiable uncertainty

% Zonal (east —west) vector component

WOll Gill's Wind Observer Il Sonic Anemometer

e Wind Direction

0; Individual wind direction 8;

0. Individual, corrected angle (wind direction) measurement
7] Mean, unit vector wind direction measurement

0, Mean, corrected angle (wind direction) 8;

07 Averaged wind direction; T denotes averaging period
O 52 Wind direction variance; T denotes averaging period

2.4 Verb Convention

“Shall” is used whenever a specification expresses a provision that is binding. The verbs “should” and
“may” express non-mandatory provisions. “Will” is used to express a declaration of purpose on the part

of the design activity.

Page 3 of 28
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3  DETAILED DESCRIPTION

3.1 Variables Reported

A suite of L1 data products will be produced by the algorithms displayed within this document.
Statistical summaries associated with wind direction will only be that of variance; values of minimum
and maximum wind directions are misleading and are therefore not included as data products.

Two-dimensional wind related L1 DPs provided by the algorithms documented in this ATBD are
displayed in the accompanying file, tdw_datapub_NEONDOC002855.txt.

3.2 InputDependencies
The LO data used to produce L1 wind DPs are shown in Table 1.

Table 1. List of LO DPsfrom 2D anemometer usedto produce L1 wind DPs.

Description Sample Units Data Product Number

Frequency
U (North-South) vector | 1 Hz ms1 NEON.DOM.SITE.DP0.00001.001.01306.HOR.VER.000
component
V (East-West) vector 1Hz m st NEON.DOM.SITE.DP0.00001.001.01307.HOR.VER.000
component
Health Status of 2D 1Hz NA NEON.DOM.SITE.DP0.00001.001.01310.HOR.VER.000
wind speedsensor

3.3 ProductInstances

Multiple 2D anemometers will be deployed at tower sites. These will be located on each boom arm
below the top of the tower, oriented downward. A single 2D anemometer will be located at aquatic
sites. This will be located at the top of the aquatic met stationat a standard height of 3m above ground
level, oriented upward.

3.4 TemporalResolution
Two- and thirty-minute averages of wind speed and direction will be calculatedto form L1 DPs.
3.5 SpatialResolution and Extent

Each 2D anemometer will represent the point at which it is placed on the tower infrastructure.
Ultimately, wind speed and direction profiles will be developed for each tower site from the array of 2D
anemometers on the tower (see AD[05] for detail on sensor placement for a specific core site, and
AD[12] for description of the algorithms used for deriving this profile).

Page 4 of 28
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4  SCIENTIFICCONTEXT

Wind plays an important role in atmosphericand environmental sciences. A function of differential
heating of Earth’s surface and subsequent pressure gradients, horizontal and vertical winds are
responsible for advection of atmospheric pollutants, moisture, heat and momentum (Stull 1988). As
such, horizontal and vertical winds will be measured throughout the Observatory. This document details
the processes by which mean horizontal wind is derived.
4.1 TheoryofMeasurement AMEOR ST TRy

L

Two-dimensional sonic anemometry relies on two pairs of k—.i

transducers that measure wind velocity along orthogonal
axes. As an example, to measure the north-south or east-

0T T2

west wind velocity (Figure 1), sound pulses are
. . TRANSDUCER J TRANSDUCER
simultaneously emitted from two transducers that are V-

placed a set distance apart (L). The times taken (T4, T,) for

CONTROL SYSTEM

the ultrasonic pulses to travel along their respective axis to
the fartransducer head are recorded (Gill 2005) and wind
velocities (i.e. zonal and meridional vector components) are

Figure 1. Ultrasonicanemometertheory
(directionless) (Gill 2007).

then calculated from the differences in flight times across each axis (Brock and Richardson 2001 ; Gill
2005). This process is completed for the east—west and north-south axes independently. Wind velocity
along eachaxis is computed as follows:

po(l 1 "
T2 \n, T,

oo (1 2)
RV

and

where:

T, &T;,T5; & T,, = Individual (1 Hz) transit times of ultrasonic pulses between the east-west and north-
south transducer faces, respectively

L = Distance betweentransducer faces

U; = Individual meridional (N-S) velocity (Figure 2)

V; = Individual zonal (E-W) velocity (Figure 2).

Note that Figure 1 is for illustration purposes only, the notation is not intended to match that of Eqgns.
(1) and (2).
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Gill's 2D anemometers have an internal Analog to Digital (A/D) converter. Thus, NEON’s Data

Acquisition System (DAS) will acquire 1-Hz vector components in digital form.

4.2 TheoryofAlgorithms

The following sections describe the theory and implementation of algorithms for 2D sonic anemometer

measurements.

4.2.1 Wind Speed

The magnitude of the horizontal wind speed ( S;) will be calculated for each 1 Hz, Level 0 datum, in

accordance with the Pythagorean Theorem:

1
S; = (U2 +v2)?

(3)

After the vector components are converted to horizontal wind speed, two-minute (S,) and thirty-minute
(S30) averages of horizontal wind speed will be determined accordingly to create the L1 wind-speed DPs

listedin tdw_datapub_NEONDOCO002855.txt:

S_2=

S|k

n
2.5
i=1

(4)

where, for each two-minute average, nis the number of measurements during the averaging period and

S; is a 1-Hz horizontal wind speed measurement taken during the 120-second averaging period [0, 120).

For a 2-minute average, n =120if all data points are included.

Similarly,

n

_ 1

S30 = ; Zsi
i=1

(5)

where, for each thirty-minute average, nis the number of measurements during the averaging period [0,

1800) and S; is a 1-Hz horizontal wind speed measurement during the averaging period.

Note: The beginning of the first averaging period in a series shall be the nearest whole minute less than

or equal to the first timestampin the series.
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4.2.2 Wind Direction

Wind direction is typically indicated in terms of degrees from true north in the clockwise direction; e.g.,
90° indicates a wind blowing from the east and 180° a wind blowing from the south, etc. In addition, 0°
is usedto indicate no (measurable) wind whereas 360° indicates a northerly wind.

Figure 2A shows the polarity of Uand V for the upright installation of Gill's anemometer at aquatic sites
assuming that the wind components along the U and V axes are blowing in the direction of the
respective arrows. Thus, when U; is negative and V; is positive, the direction of the wind is between
north and east. Because all of the Gill's 2D anemometers will be positioned upside down on the towers
at terrestrial sites (refer to AD[10]), the zonal plane is essentially flipped (Figure 2B). With an upside-
down installation, the wind direction is between north and east when both U; and V;are negative.

) 1-U B) 1-U

- r -

VoL JoHV VL /v

.m.
.m.

Figure 2. A) Coordinate system of an upright sonic anemometer (Gill 2007, 2011) used at Aquatic Sites; B) coordinate
system of Gill’s 2D sonic anemometer oriented upside-down used at Terrestrial Sites - it is important to note that
the zonal plane isflipped because one of the transducer arms must be aligned with True North duringinstallation.

The most direct calculation of wind direction employs the arctan2 function. In this case, the coordinate
systems represented in Figures 2A and 2B must be aligned with the standard Cartesiansystem, which
measures angles counter-clockwise from the positive x-axis. Each coordinate system must be
transformed such that the winds from the north, east, southand west are aligned with 360°, 90°, 180°
and 2700, respectively, on the Cartesiansystem. Tore-align, both Figures 2A and 2B are rotated about
the vertical axis and then rotated clockwise 90° so that the positive x-axis is in alignment with North and
the positive y-axis with East. The transformation of Figure 2A results in the positive x-axis being aligned
with —U vector and the positive y-axis being aligned with the +V vector. The transformation of Figure 2B
results in the positive x-axis being aligned with the —U vector and the positive y-axis being aligned with
the -V vector. These are shown in Figure 3A and B respectively.

Page 7 of 28



Title: NEON Algorithm Theoretical Basis Document (ATBD) — 2D Wind Speed and Direction

Date: 04/20/2022

neen

Operated by Battelle

NEON Doc. #: NEON.DOC.000780

Author: J. Roberti

Revision: C

(A)

g
—

+U

T

(B)

+X

iﬁv
7
T

Figure 3. A) Transformed coordinate systemof an upright sonicanemometer usedat Aquatic Sites; B) transformed
coordinate system of sonicanemometer oriented upside-down used at Terrestrial Sites.

The benefit of this re-alignment is the ease with which the wind direction can be computed using the
atan2 function. The atan2 function takes into account the sign of both vectors and places the anglein

the correct quadrant. However the results arein the range (-r, ). This can then be mapped to [0,27) by
adding 21 and performing the modulo operation of 27t. The sign of the U and V vectors must be changed
for sensors deployed at both aquatic and terrestrial sites in order to have the resultant angle, 8, align
with the meteorological coordinate system. Equations 6 and 7 are to be used for the Aquatic and

Terrestrial sites respectively:

0;= {[27'[ + atan2(V;,—U;)] modulo 21t

0i = {[211 + atan2(—V;,—U;)] modulo 21

2T

2T

ifU; <0&V; =0,
otherwise.

(6)

ifU; <0&V;=0,

otherwise.

where 8; is the individual wind speed angle given in radians according to the meteorological coordinate

system.
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atan2(y,x) = <

arctan (%)

Note: The atan2 function in Eq. (6) assumes the following definition:

x>0

arctan(%) +7 y=>20,x<0

arctan(%) -7 y<0,x<0

+

T
2
T
2
0

the proper arguments tothe atan2 function.

y>0x=0
y<0,x=0
y=0x=0

Because some programs, i.e., Excel, reverse the arguments of the atan2 function (the first
argument is placed in the denominator when calculating arctan), care must be taken in assigning

The inverse tangent function can also be used to calculate wind direction, but this method is not
as straightforward. This is due to the fact that the inverse tangent function has a single

argument and therefore does not take into account the individual signs of the U and V

components. Also, the range of tanlis restricted to (— g, g) sothat separate definitions for

winds from the east and west are required. These corrections are already built into the atan2

function (see Eq. (8)).

Level 0 datum as follows:

2T

( Vi
[27‘[ + tan™?! (U)] modulo 27
i

If the inverse tangent function is used, the individual wind direction, 8;, is calculated for each

ifU; <0,V %0
ifU; <0,V,=0
ifU; =0,V; <0
ifU; =0,V,>0
ifU; =0,=V,
ifU; >0

Originally, the North transducer head of all 2D anemometers on towers was to be aligned with True
North. However, this requirement has since changed at tower sites, and the North transducer head of all

anemometers at a given NEON site will be aligned withthe boom arms. The aquatic met stationdesign
allows the North transducer head of the 2D anemometer to be aligned with True North at all aquatic

Page9 of 28
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sites and therefore will not need a directional correction. At terrestrial sites a site-specific correction C,

from True North will be provided by NEON Systems Engineering (SE) and stored in the

Cyberinfrastructure (Cl) data store. Each 2D wind direction measurement will be corrected for this

deviation from True North (Eq. (10)) after undergoing previous coordinate rotations.

0, = [0, — 2n— €)] modulo2m

Note that in either case, wind direction is calculated independently of wind speed.

(10)

Calculating the mean and variance of 2D wind direction is complicated by the fact that wind direction is
a periodic variable with a discontinuity at 2m. For periods in which observations are i) dispersed across
the discontinuity (2mt) or ii) vary more than 180, direct calculation of the arithmetic meanand variance

is misleading. Consequently, an alternative approach is required for an exact solution. Here we follow an
analytical two-pass method; this is a simple formulation with a theoretical basis that has been

thoroughly reviewed (e.g., Yamartino 1984; Mori 1986; Weber 1997; Farrugia et al. 2009).

In the first pass, the components of the average distance vector over an observation period with sample

size n are calculated

(11)

(12)

where, for each two-minute average, nrepresents the number of measurements inthe averaging period

[0, 120) seconds. Similarly, for each thirty-minute average, nrepresents the number of measurementsin

the averaging period [0, 1800) seconds.

Note: The beginning of the first averaging period in a series shall be the nearest whole minute less than

or equal to the first timestampin the series.

Note: The average vector components X and Y differ from the average wind vector components in that
they are not weighted by the wind magnitude of the individual, corresponding wind speed, §;.

Next, the unit-vector mean wind direction is derived (e.g., Yamartino 1984) using the atan2 function:

é_{ 2 if¥>0&7=0,
~ ([2m + atan2(Y, X)] mod (2m) otherwise.
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Again, care must be taken when assigning arguments tothe atan2 function as discussed above.

Alternatively, the arc tangent function can be used with the appropriate corrections:

([27r+tan_1 (%)] modulo 2 ifX # 0

§=<72—T ifY >0&X=0 (14)
3m if7<0&X=0
¥ fX=7=0

where 0 is the mean unit vector wind direction in radians.

In the second pass, the minimum angular distance (A;) between an observation and the mean is
calculated (Batschelet, 1981):

A; = |cos‘1 (cos(@i - 9))|. (15)

Subsequently the sign of the minimum angular distance is determined (Farrugia et al. 2009):

A, = _ _
e l-4; if (B-m) < 6;< 6,

(16)

where, 4; . is the individual, corrected, minimum angular distance between subsequent measurements.

Next, the average overall A; . can be calculated with an expected value of zero for symmetric angular

n
ZAi,c- (17)
i=1

Where, for each two-minute average, nis the number of measurements in the averaging period, [0,120)

distributions:

S|

ATZ

seconds. For each thirty-minute average, nis the number of measurements in the averaging period [0,
1800) seconds. Again, the beginning of the first averaging period in a series shall be the nearest whole
minute less than or equal to the first timestampin the series.

The arithmetic meanis defined such that it minimizes the sample variance. If the angular distribution is
skewed, A is exactly the difference between the arithmetic mean wind direction and the unit-vector
mean wind direction. With respect to the arithmetic mean, 4; . are thus overestimated by Ar; this
discrepancyis compensated for to yield the arithmetic mean and variance:
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67 = (6 + Ay ) modulo 21 (18)

The sample variance of wind direction is calculated as follows (Yamartino, 1984):

s%(6;) = (n_l Z(Ai,c)z - (AT)Z) (19)

Finally the resulting angles are converted from radians to angular degree to create the L1 wind-direction
DPs listed in tdw_datapub_NEONDOC002855.txt:

_ _ 180
and
_ _ . 180
s%(0;) =s2(67)- — (21)

where the subscript T represents either 2 (two-minute average) or 30 (thirty-minute average).
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5 ALGORITHMIMPLEMENTATION

Data flow for signal processing of L1 DPs will be treatedin the following order.
1. Incoming 1 Hz U and V wind components will be stored as level 0 data
2. WIND SPEED:
a. The LO vector data will be converted to horizontal wind speed via Eq. (3).
b. QA/QC Plausibility tests will be applied to each scalar wind speed datumin accordance
with AD[06]. The details are provided in Section 5.1.
c. Average (two and thirty-minute), horizontal wind speeds will be calculated using Eqg. (4)
and (5)
i. A post-averaging check will take place on two and thirty-minute wind speed
averages (see Section5.1)
d. Descriptive statistics, i.e., minimum, maximum, and variance, of wind speed will be
determined for both two- and thirty-minute averages.
e. Quality metrics, quality flags, and the final quality flag will be produced for two- and
thirty-minute averages according to AD[16].
3. WIND DIRECTION:
a. The LO U andV vector components will be converted to wind direction (radians) via Eq.
(6) and (7) for Aquatic and Terrestrial Sites respectively.
b. Limited QA/QC Plausibility tests will be applied to each wind direction datumin
accordance with AD[06]; details are provided in Section 5.1.
¢. Two- and thirty-minute average, unit vector wind directions will be calculated using
equations (11) through (21).
Variance of wind direction will be calculated for both two- and thirty-minute averages
Quality metrics, quality flags, and the final quality flag will be produced for two- and

thirty-minute averages according to AD[16].

5.1 QA/QCProcedure

1. Plausibility tests AD [06] — All plausibility tests with the exception of the steptest will be
determined for wind speed and direction. Unless otherwise noted all plausibility tests will be
applied tothe converted LO DPs, and associated quality flags (QFs) will be generated for each
test. Test parameterswill be provided by FIU and maintainedin the Cl data store.

a) RangeTest—ManyNEON sites reside in forested areas. Obstructions (e.g., tower
infrastructure, trees and/or flora) upstream of the anemometer can cause distortion to the
wind flow (Dyer 1980; WMO 2008). Although the wind measurements made at many sites
will be affected by distorted wind flow resulting from upstream obstruction of living objects,
only wind measurements obstructed by inanimate objects (i.e., tower infrastructure) will be
flagged. To denote instances when wind flow has been distorted by an inanimate object
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prior to measurement, a flag: QFg, will be applied to i) wind speed and ii) wind direction
measurements. Data will be flagged as a function of site-specific derived thresholds.

SE will provide i) site-specific x-y coordinates representing the spatial extent of tower
obstructions; ii) the boom orientation of the 2D anemometer (relative to True North); iii) x-y
coordinate of the 2D anemometer. The x-y coordinates shall correspond to a right-hand
Cartesian coordinate system, relative tothe 2D anemometer boom. In other words, the (0,0)
position of the x-y coordinate system shall always reside at the tower corner, or base point,
of the 2D anemometer’s boom, and the positive x axis of the coordinate system shall always
correspond to the 2D anemometer boom, such that the position of the 2D anemometer at
each siteresides at (L,0; see Figure 4).

N

TOWER

Figure 4. An example of the Cartesian coordinate system as usedto calculate site -specific, distorted
wind flow regions. The toweris shown as a gray square; the coordinate systemis represented by the
black lines; the 2D anemometer boomis given asared line and the 2Danemometer is displayedas a
black star. True North is denoted at the top of the Figure.

Site-specific distorted wind flow thresholds shall be derived with the provided data and via
the following equations. The lower and upper bounds of the distorted wind field are first
calculatedrelative to the Cartesian coordinate system.

-1 Yc
o |tan (L ¥ Ixcl) * 180 (22)
a~— T
|tan—1< Yec ) 180
o L+lx., (23)
=

I

Where,
cg; =angleof distortedflow clockwise from the 2D anemometer boom (degrees)
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ccy = angle of distorted flow counter-clockwise from the 2D anemometer boom (degrees)

L =Xcoordinate of the 2D anemometer; Y coordinate shall always=0

x. = Xcoordinate of tower obstruction extent clockwise from 2D anemometer’s boom

y. =Y coordinate of tower obstruction extent clockwise from 2D anemometer’s boom

X.c = Xcoordinate of tower obstruction extent counter-clockwise from 2D anemometer’s
boom

Yec =Y coordinate of tower obstruction extent counter-clockwise from 2D anemometer’s
boom

Next, buffer zones are added and the upper and lower bounds of the distorted wind field
are correctedto True North.

Dpin = [0,p — (¢4 + Bimin) + 180 ] modulo 360 (24)

Dpax = [03p + (ccy + Bpay) + 180 ] modulo 360 (25)
Where,
Dpiin = distorted flow minimum threshold (relative to True North; degrees)
Dinax = distorted flow maximum threshold (relative to True North; degrees)
0,p = Boom arm orientation (relative to True North; degrees)
Bin = buffer to be applied to minimum threshold (degrees)
Box = buffer to be applied to maximum threshold (degrees)

5.2  Post-averaging Check

To verify the plausibility of reporting wind direction as a numeric value, the following post-averaging
check must be implemented.

The Office of the Federal Coordinator for Meteorology (OFCM) (2005) notes that wind directions derived
from calm winds (specifically — wind speeds < 6 kts (~3.0 m s'1)) are unreliable. The World
Meteorological Organization (WMO) (2008) also acknowledges this relationship, but states a lower
threshold — wind speeds < 0.5 m s1. Toinsure international traceability, we will abide by the standard
set forth by the WMO (2008). Thus, two and thirty-minute averaged wind speed data will undergo a

post-averaging checkto determine if their value is £ 0.5m s1. Inthe event that the average wind speed
is <0.5m s’1, wind direction for the same averaging period shall be flagged (QF.).

5.3 Sensor Test
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Gill's 2D anemometers produce error codes that accompany raw U and V vector measurements. These
codes will resultin the generation of a flag. For example, if the 2D anemometer displays an error code of
10’ (refer to AD[15]), the sensor is informing the user that inaccurate data are likely being output
because of a systemgain max. Inany case, data accompanied by error codes will be denoted by the
following error flag:

1 If rawdatum is accompanied by error code

QFs =
0 otherwise.

In the event that a sensor health status code is generated, i.e., QF; = 1, data willnot be usedto
calculate the L1 meandata product.

5.4 SignalDe-spiking
Signal de-spiking will not be conducted with wind speed or direction.
5.5 Quality Flags (QFs) and Quality Metrics (QMs) AD[16]

If a datum has failed one of the following tests it will not be used to create alLl DP, sensortest. aandf
QFs and QMs will be determined using the flags in Table 2. In addition, L1 DPs will have a QA/QC report
and quality metrics associated with each flag listed in Table 2 as well as a final quality flag, as detailed in
AD[16]. Ancillary information needed for the algorithm and other information maintained in the Cl data
storeis shown in Table 3.

Table 2. Flags associated with 2D wind measurements.

Flags

Null

Gap

Distorted flow
Sensor Test AD[15]
Consistency Analysis
Calm winds

Final quality flag
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Table 3. Information maintained in the Cl data store for 2D wind.

Tests/Values Cl Data Store Contents

Null Test limit

Gap Test limit

Calibration CVAL sensor specific calibration coefficients
Uncertainty AD[13]

Sensor Test AD[15]

Final Quality Flag AD[16]
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6  UNCERTAINTY

Uncertainty of measurement is inevitable (JCGM 2008, 2012; Taylor 1997). Itis crucial that uncertainties
areidentified and quantified to determine statistical interpretations about mean quantity and variance
structure; bothare important when constructing higher level data products (e.g., L1 DP) and modeled
processes. This portion of the document serves to identify, evaluate, and quantify sources of uncertainty
relating to L1 mean DPs. It is a reflection of the information described in AD[11], and is explicitly
described for the 2D wind assemblyin the following sections.

6.1 Uncertainty of wind measurements

Uncertainty of the 2D wind assemblyis discussedin this section. Sources of uncertainties include those
arising from vector component measurements, measurement noise, heater, resolution of the digital
indication, and orientation to True North (Figure 4).

VALIDATION FIELD MEASUREMENT

Calculate: wind speed
Standards / [— 1 wind speed measurement

+
measurement -
Procedures Eq. (3) measurement

AD[09,13,14] s orsar oy uncertainty

U vector

TIMEOF FLIGHT THEURY

2 AR [\Ii "\ | ——"component measurement
+
.

7 |
ke ‘ s
e v | | o Measurement
. = uncertainty
( I/'?’\) e ) b {comsen | (sensor & heater) P
AR k : e Mean wind speed
__\ N/ o
TRuEDUER TSI Component: U mean wind speed Y
i )
r Eq. (4;5) uncertainty
|

Validated, field, 2D Field DAS
i FDAS)
Component: U Anemometer (

X m-p>mcxT

Field, 2D anemometer TmEor G TR
Vvector
H P ! | ¢
B— Bl __/_flw 1 i
f Al J e v’ ] \‘ Measurement o
T (Y f LL} — uncertainty Calculate: wind direction
M s i T (sensor & heater) individual wind measurement
{ (= L\“ I E = direction — *
(- N\L_/} R i comomon e £q. (6-8) measurement
o ) LU s . e
[ s | Component: V

Component: V

Calculate:

T ndlal eetion Mean wind direction

| +

Eq. (9-16) uncertainty

Figure 5. Diagram outlining potential sources of uncertainty associated with 2D wind L1 DPs. The salmoncolored
boxes represent the direct measurement of vector velocity based on the theory of sonicanemometry. For more
information regarding the validation procedure, please refer to AD[09,13,14]

6.1.1 Validation

CVAL will not calibrate Gill's 2D anemometers, and will only be validating them. No measurement
uncertainty values will be supplied by CVAL because of this. Measurement uncertainties must therefore
be derived through a combination of manufacturer’s specifications and scientific judgment; for further
justification please referto AD[11].
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6.1.2 Accuracy

Gill does not provide accuracyvalues for individual vector components, but supplies them for horizontal
wind speed (Table 4) and direction (+2° = 0.0349 radians). Despite the fact that Gill provides values of
accuracy for horizontal, scalar wind speed and direction, our LO data are in vector component form.
Therefore, individual vector component uncertainties must be estimated from the provided wind speed
accuracy.

Table 4. Relationship betweenwind speed andaccuracy. It should be noted that these
accuracies arerelatedto horizontal wind speedand notindividual vector component
magnitude (Murree Sims, personal communication, Gill Instruments, 2012).

Wind Speed (ms?) Accuracy (%)
0.01! 1.0

5 1.0

12 2.0

32 3.0

65 4.0

702 4.0

1Starting threshold of Gill’s 2D anemometers. lItis
assumed here that the accuracy of measurementis+ 1%
20nly applicable with the EWWO

Linear interpolation is used to determine accuracy values between the limits provided in Table 4.

A. [0.01,5)ms?

u(S;) = Cp1S;i— Cpy  [ms™'] (26)
B. [5,12)ms?

U(S;) = CppS;— Cpp  [ms™'] (27)
C. [12,32)m s

u(S;) = CpaSi— Cpz [ms™] (28)
D. [32,65)ms?

u(Si) = Cm4Si — Cb4 [ms_l] (29)
E. [65,70] ms™!

u(S;) = CpsS;— Cps  [ms™'] (30)

Where:
u(S;) = Uncertainty (i.e., accuracy; Gill 2007, 2011) of individual wind speed S;
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S; = individual (1 Hz) wind speed as calculated with Eq. (3).

Cn1=0.0100
C,1=0.0
Cn2=0.0271
Cy2=0.0857
Cn3=0.036
C»3=0.1920
Crna=0.0497
Cy,4=0.6303
Crs =0.0400
Cys=0.0

From here, the individual vector component measurement uncertainties can be derived with the aid of
the wind speed information provided by Gill (2007, 2011). To do so requires the assumption that the

north-south and east-west wind velocity component measurements are independent and that they

contribute to the uncertainty of a wind speed measurement in proportion to their magnitude.

Under these assumptions, the uncertainties of the velocity component measurements can be calculated

as follows:

and

6.1.3

i) Up=V;=0
u(U;) = , [ms™
>+ u(S;), otherwise
1
=),  U=V=0
u(V;) = [ms™']
-u(S;), otherwise

Resolution ofthe digitalindication

(31)

(32)

As noted by Gill (2007, 2011), their 2D anemometers have a digital resolution of 0.01 m s1. Giventhat it
is reasonable to assume the value of the measurand lies with equal probability betweenthe bounds of

this resolution, and it is unlikely that it resides outside these bounds, we can assume a uniform
distribution (1S01995) with related uncertainty (standard deviation) of:

0.01ms™ !

u(R) = 73

=+0.0058 [ms7!]
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6.1.4 DAS

Gill 2D anemometers have an internal Analog to Digital (A/D) converter and output data in digital form.
Therefore, no data conversions occur within the DAS. Thus, uncertainty related to the DAS can be
considered negligible.

6.1.5 Offset Error

Itis reported by Gill (2007, 2010) that each measurement is accompanied with anoffset error of £ 0.01
m s~ to account for values near 0. This offset error is included in the accuracies statedin Table 6-1
(personal communication with Richard McKay).

6.1.6 Heaters

Two models of Gill’s sonic anemometers (EWWO and WOII: version 2) are equipped with heaters. These
heaters warm the transducer heads if the ambient temperature drops below a certainthreshold. The
principles of sonic anemometryrely on the speed of sound, which is a function of temperature. Itis
hypothesized that this heating will cause smallthermals around each transducer head, thus altering the
neighboring temperature and causing uncertainty of the measurements. Because NEON will not
calibrate these sensors in-house or monitor the current draw of the heaters, we cannot confidently
determine the measurement uncertaintyintroduced by the heaters. However, we have been assured by
Murree Sims (Gill Instruments, pers. comm. 2012) that heating will cause negligible uncertainty. Given
the reassurance from the manufacturer, L1 Wind DPs will still be computed during instances when the
heateris on.

6.1.7 Orientation

The 2D anemometer’s orientation relative to true north is considered a source of uncertainty. A site-
specific uncertainty value u(0), will be provided by SYS ENG and storedin the Cl data store.

6.1.8 Distorted Flow

As mentioned in Section 5.1, wind flows become distorted if subjectedto obstructions (e.g., tower
infrastructure) upstream of the anemometer (Dyer 1980; WMO 2008). Distorted flow introduces
uncertainty that is a function of i) the obstructions upstream of the anemometer, ii) the magnitude of
wind speed, and iii) characteristics of the wind (i.e., laminar vs. turbulent flow independent of upstream
obstacles). Although previous researchers (e.g., Dyer 1980) have quantified the uncertainty associated
with distorted flow, the obstructions upstream of our 2D anemometers differ from those utilized by
previous researchers. Thus, it may be inappropriate to solely use their results as metrics to quantify the
uncertaintyintroduced by distorted flow. As NEON data are analyzed, this topic will be further
investigated and hopefully quantified. At current date, this is an uncertainty that can be identified, but
not fully quantified; therefore, as mentioned in Section 5.1, the data will be flagged during instances of
distorted flow.
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6.1.9 Combined Measurement Uncertainty

The combined measurement uncertainties of the individual vector components can be estimatedas
follows:

w, () = 2 W) +u2R)E [ms] (34)
w (U) = @2 U+ u2(R)Z [m 5] (35)

The combined measurement uncertainty of individual wind speed observations is calculated as follows:

e (S) = WA(S) + u?(R)Z [ms™] (36)

The combined measurement uncertainty of an individual, valid (i.e., those that are not flagged and
omitted) wind direction observation is:

u.(6;) = (0.03492 + uZ(O))i [rad] (37)

6.1.10 Expanded Measurement Uncertainty

The expanded measurement uncertainties are respectively calculated as:

Ugs (Vi) = kos *u (V) (38)
Ugs (Uy) = kos *u (U;) (39)
Ugs(S;) = kos *u(S;) (40)
Ugs (8)) = ko5 * uc(6;) (41)
Where:
Ugs (Y;) = respective expanded measurement uncertainty at 95% confidence
kos = 2 (unitless); coverage factor for 95% confidence

6.2 Uncertainty of L1 DPs

The following subsections discuss uncertainties associated with L1 mean data products. It is important
to note the differences between the measurement uncertainties presentedin Section 6.1 and the
uncertainties presentedin the following subsections. The uncertainties presentedin the following
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subsections reflect the uncertainty of a time-averaged mean value, that is, they reflect the uncertainty
of adistribution of measurements collected under non-controlled conditions (i.e., those found in the
field), as well as any remaining uncertainties due to systematic errors related to the field assembly.

6.2.1 Wind Speed
6.2.1.1 Combined Uncertainty

The uncertainty of our L1 mean wind speed DPs is calculated from the sample variance of the
measurements taken during the averaging period and the individual measurement uncertainties as

follows:
n 2

tSE L
UKar(S) :_l_nl - 52

z (42)

n .,2(cC.
- uc(51)> ms-1]

uc(S) = (uIZVAT(g) + l=1n

Note that this is likely to be a slight overestimate due to the fact that the variability in the
measurements over the averaging period includes much of the uncertainty of an individual
measurement. However, u2(S;) is a Type B uncertaintyand it is therefore not possible to extract
uncertainty components. Practically speaking, any overestimate will be negligible.

6.2.1.2 Expanded Uncertainty

The expanded uncertainty is calculated as:

Ugs(S) = kg5 *uc(S) (43)

Where:
Uys (S) = expanded measurement uncertainty at 95% confidence (ms)
kos =2 (unitless); coverage factor for 95% confidence

6.2.2 Wind Direction

6.2.2.1 Combined Uncertainty

The overall uncertainty of the L1 mean wind direction DPs is calculated from the sample variance of the

measurements taken during the averaging period and the individual measurement uncertainties as
follows:
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n 9 2
2 A\ _ “i=1Yi a2
U r(0) = —n -0

(44)

u.(0) = (ufm(é) + ==

1
Zizg e (6) lf(gi)y [rad]

Again, this is likely to be a slight overestimate due to the fact that the variability in the measurements
over the averaging period includes much of the uncertainty of an individual measurement. However,
u?(8,) is a Type B uncertainty and it is therefore not possible to extract uncertainty components.
Practically speaking, any overestimate will be negligible.

Note:
In the event that wind direction is presented as a non-numeric value (refer to Section 5.2), then
combined and expanded uncertainty of wind direction will not be calculated.

6.2.2.2 Expanded Uncertainty

The expanded uncertainty is calculated as:

Ugs (0) = kos *u(6) (45)

Where:
Uys (6) = expanded measurement uncertainty at 95% confidence (m s1)
kos =2 (unitless); coverage factor for 95% confidence

6.3  Uncertainty Budget

The uncertainty budget is a visual aid detailing i) quantifiable sources of uncertainty, ii) means by which
they are derived, and iii) the order of their propagation. Individual uncertaintyvalues denoted in this
budget are either provided here (within this document) or will be provided by other NEON teams (e.g.,
CVAL)and storedin the Cl data store.
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Table 5. Uncertainty budget for L1 Wind DPs. Shaded rows denote the order of uncertainty
propagation (from lightest to darkest).

Standard

uncertainty Value of
Source of component standard . of
uncertainty u(x;) uncertainty YT ox; | w;(Y) = | lu(xy)
L1 Wind Speed DP u(8) Eq. (42) [ms1] | -- -
1 Hz Wind Speed u.(S;) Eq. (36)[ms?1]| 1 u(S;) [ms1]
1 Hz V component u.(V;) Eq. (34) [ms?] [ n/a n/a
Dig. Ind. Resolution u(R) Eq. (33)[ms?t] | 1 Eq. (33) [ms]
1 Hz U component u.(U;) Eg. (35) [ms?] | n/a n/a
Dig. Ind. Resolution u(R) Eq.(33)[ms?] |1 Eq. (33) [ms?]
L1 Wind DirectionDP | u.(8) Eq. (44) [rad] | -- -
1 Hz Wind Direction | u,(6;) Eqg. (37)[rad] |1 Eq. (37) [rad]
Orientation u(0) Eq.(33)[rad] |1 Eq. (33) [rad]
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7 FUTURE PLANS AND MODIFICATIONS

Quantification of sensor drift may be added into the uncertainty section of this document.

QA/QC tests may be expanded to include consistency analyses among similar measurement streams. A
QA/QC flag for data consistency will be applied to data from terrestrial sites according to the consistency
analysis outlined in AD[08], and a pass/fail flag will be generatedto reflect this activity. Consistency
analyses cannot be performed on wind data from aquatic sites. For 2D wind consistencyanalysis, L1
wind speed and direction data from a given anemometer will first be comparedto the neighboring
anemometer located above it on the tower infrastructure. If a statistical relationship between the two
wind speed or direction measurements falls within defined limits provided by FIU (and maintained in the
Cl datastore), then the sensor will pass the consistency analysis. Alternatively, a wind speed or direction
difference outside the defined limits will resultin a failed test. Inthis event of afailed test, the
anemometer will then be comparedto the neighboring anemometer located below it; if this too results
in a failed test then the wind speed or direction data will fail the consistency analysis and be flagged as
such. If the data fail the first test but pass the second, then they will pass the consistency analysis. This
structure helps to ensures that non-functional sensors (e.g., sensorsthat are faulty or down for service)
do not bias the test, since a resulting failed test will allow the sensorto be compared to the one below
it. Accordingly, the 2D anemometer located on the bottom of the tower will only be comparedto the
neighboring anemometer located above it. The uppermost 2D anemometer will be compared to the
anemometer below it and the 3D anemometer above it.

Note: Although this consistency analysis may be applicable for regions with homogeneous terrain, such

an approach may not be applicable to regions of heterogeneous terrainand those where comparison
anemometers are located above and below a canopy.
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