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Abstract

The process of assuring quality observatieran important part of maintaining a healthy and

robust mesoscalenvironmental observingetwork. The State Climate Office of North Carolina

(SCO) maintains such a network called the Environment and Climate Observing Network
(ECONet) The ECONetonsistf research grade weather stations throughout Neatblina.

Each station measures atmospheric and soil parameters that decision makers throughout the state
consider criticalHere, we detailhe methodsfor observational data quality control (QC)

employed for the ECONet.

Currently, four different typesfoautomated QC routines are performed on ECONet data: range
check, buddy check, intersensor check, and trend check. Each check is run twice an hour to
ensure ugo-date QC of near real-time data. The range check uses climatology to test the validity
of observations. The buddy check utilizes data from neighboring stations to test whether a value
(and its rate of change) are consistgith that of surrounding location¥he intersensor test is

runon stations that have docated parameters twoss check sesor performancelhe trend

check usethevalues from previoushoursto validate theurrent observation given tipeesent

state of the atmosphere.

These Q(rocessehelp SCO scientists anBCONet techniciansuickly detect potential sensor
problems sdhey can investigate and repair sensors as needed. Bradyisewith QC scores
broken down by station help with this process and allow SCO scientists to alert end users of

possible faulty data.



1 Introduction

The State Climate Office of North Caroli(aCO) is a public service center that provides
weather and climate data and services for public use. Our wideanging clients include
government agencies at various levels, local and regional business, and the general citizenry of
North CarolinaAs a critcal part of the mission, the SCO operates and maintains a
comprehensive eimonmental monitoring network callete North Carolina Environment and
Climate Observing Network (ECONewhich currentlycontain39 research quality weather

stationsacrosdNorth Carolina.

The current locations and communication methods of each ECONet station are shown in
Figure 1.The various communication methods include landline telephone (most common), IP
transmission, VHF radio transmission, and cellular modem transmi¥glule each station
records multiple parameters atriinute intervals, the communication methods and power
availability dictate the frequency at which data can be collected. Data collection intervals range

from 5 minutes using radio to every 30 minutesgisandline telephone.

A typical ECONet station indicating the types of parameters measured and locations of
the sensors is shown iigure 2. Table 1 describes the parameters measured with the
accompanying sensor(s) that col(ecthe dataSensors arehosen after rigorous testing in both
a controlled lab environment and an operational field lab located near the SCOOs Raleigh office.

All sensors are wired into a Campbell Scientific CS1000 data logger and transxndtédrent



timeintervals The da& are sento our Raleighoffice for further processing. All observations are
stored locally in our database and are publicly available for download (smaller datasets) or upon

request (larger datasets).

ECONet data are critical to researchers as welhasiaty of other sectors such as
agricultural and energy.his wider community also utilizes ECONet data for decismaking
Example applications includegriculture irrigation, pest management, and air quality
forecastingOverall, many sectors in Nor@arolina rely on ECONetata. Thus, it is important

to ensure that the highest quality data is available to these various communities.

Quality control (QC) of mesoscale meteorological networks have been studied in the
past, whether it be for short teringle station analysis (Wade 1987;Meek and Hatfield 1994,
Eischeid et al. 1995), mulsitation spatial analysis (Wade 1987;Gandin 1988; Hubbard et al.
2005; You and Hubbard 2005), or parameter specific checks such as radiation (Allen
1996;Geiger et al. 2@) or soil temperature (Hu et al. 2002). However, very few statewide
mesoscale networks, such as the Oklahoma Mesonet (Schafer et al. 2000) use all of these checks
when comparing the validity of their data. Creating a suite of automated quality checks for
statewide mesoscale network is imperative to enhance the integrity of meteorological data while

minimizing the manual time scientists need to check the data.

QC, in essence, is a way for end users to have the confidence that the highest quality data
is available to them. The philosophy of the SCO when it comes to QC is to flag too much data as

suspect as opposed to passing too much data at the highest level. This philosophy ensures that



the scientists spend the majority of their time dealing with p@ssilbbneous data and less time
dealing with “good” data. These automated QC routines are only to augment the manual QC

process, not replace it.

Thesections below explain in detail the quality control currently available for ECONet
data. Section 2 will describe the differerf@C methods. Section 3 will introduce soQ€ scores
used to quantify the quality of the datde QC scores are usetquantify the automated
routines andlert SCO scientists of data needed for manual re¥iesion 4 will discuss how
QC s performedon historical data, and section 5 will summarize the paper, and provide future

opportunities for ECONet QC

2 Methods

QC for the ECONet is divided into two components: manual and automated. Manual QC
is performedefore and after automated QC. The majority of the manual QC occurs at field sites
by ECONet technicians. During each routine site visitechnicians ensure that sensors are
calibrated, cleaned, and if needed, replaced to help guard against sensor drift or failuRoutine
maintenance visits occur approximately every three to foumonths while emergency
maintenance visits occur when sensors are damaged or scientists note prolonged erroneous data.

SCO scientists also do manual @ffer the automated routines are finished. TResatists use
their best judgement to refine and revise current flags and to alert technicians of sensors that may

need replacing. Similarly, SCO scientists used their experience and knowledge of local climate



conditions to define, test, and refine the QC thresholds described here through a rigorous

iterative process for each variable and QC process.

Once the data are downloaded, processed, and inserted into our databases, automated QC
performs a multitude of checks to determine whether an observation can be considered valid, and
to associate a level of accuracy/failure with each observation. The SCO currently implements
four different checks: range check, buddy check, intersensor check, and trend check. Table 2
illustrates the QC checks associated witthgarameter. The automated QC routines are run
twice an hour to quickly check the data quality while minimizing computationatequirements.
Currently, the automated QC process takes approximately 3 minutes while processing 60 rows of
data per station acfoss 37 stations for 15 separate variables. This equals approximately 0.5

megabytes of data per QC run.

The scoring logic of the flags is relatively concise. Each parameter will have a flag
associated with the types of checks run on that parameter. Each parameter can have up to four
separate checks run on it: Range (which will have an R flag), Buddy (B flag), Intersensor (I flag),
and Trend (Z flag). The level of failure determined by each check will be represented by a
number after each flag. The numbeasge from zero (passed at the highest level) to four (failed
on the highest level). The flags are appended together and given a QC score (detailed in section
3) to help quantify the confidence of the ddtahould be noted that flags given anything but
score of zero are not considered bad data. The flags only notify scientists that human quality

control is needed for the given value.



2.1 Range Check

The range QC check considers minimum and maximum thresholds fostaacvation
and valuesutside ofthis range are flagged as suspect. Ranges are classified as either “static” or
Odynamic.O Static ranges are predefined based on theingesensor's specificatiori8ynamic

ranges are developed based on the climatology of a specific meteorological site.

2.1.1 Static Ranges

All data points are subjected to a static range check. Static ranges for each sensor are
assigned based on the manufacturerOs guidance and possible extreme environmental thresholds.
Values outside these thresholds exceed the specifications of the sensors and are almost certainly
an error. Static ranges serve as the initial range against which all values are tested. Data failing
this test require no further examinatiand are flagged as Rfailed on the highest levelJhese
ranges are used exclusively if dynamic ranges cannot be calculated due to insufiiaiéndr of
observations or where dynamic ranges are inappropriate (eind speed or precipitation, which

will be discussed in the next sectjon
If the static check passes, the next step is to verify whether a suitableclimatology of
observations can be generatedthat station. If the required climatology exists, the value is then

subjected to one of the two dynamic range checks described below.

2.1.2 Dynamic Ranges based Station Climatology



Generating a climatology for each station requires at least year of hourly data. The
dynamic rangenethod calculatethe median and standard deviatfonthe time period of
interest The median is used instead of the mean bedhaseean is more sensitive to outliers.
For each hour, a moving averameer five days and three hoyrentered on the specific
observations time) is used to compute the median and standard deviation values. For example,
the dynamic range for June™& 06:00 would be calculated using hourly data from the 8"
through the 1% of June for the hours of 05:00, 06:00, and 07:00 during each year a station
reported data. Thus, in this example, every year of station record would contain 15 data points if
no mssing data are present. For a parameter to use the dynamic range check, there must be at
least 18 total data points across all yeAmsinimum of 18 data pointss requiredo ensure that
the station has been active for at least one calendar year atia thatistics are not skewed in
the event the first year is an abnormal period. However, in order to ensure that high frequency
diurnal variations are captured, the moving average is not extended over more than one hour on
either side of the time at whiche hourly range is to be calculated (i.e. three total hours). When
attempting to perform calculations using the mean on a historical dataset that has not been
quality controlled, any suspect data in the sample will degrade the mean’s ability to represent

typical conditions for a given hour.

Standard deviations can vary widely based on the time of year. Therefore, lower and
upper bounds are created for the standard deviations of each parameter for each hour of the year
The lower and upper bounds argéettmined empirically based on numerous iterations to ensure

the climatological ranges are not too constrained or too relaxed to allow questionable data to



passThis empirical method looked at data considered OgoodO by manual inspection and data
considereddbadO by manual inspection to narrow down a suitable range of standard deviations
for each parametefable 3 highlights the minimum and maximum standard deviations used for
QC. In addition, since the majority of stations in our network have less thaa®Oof data, a

moving average is used to creatarmother climatology.

To determine median values for the minute data, the rate of change between the two
hours surrounding the observation is calculated and then a linear extrapolation is implemented to
get the instantaneous climatology for that minute. Figure 3 shows the process in which the
median and standard deviations are derived for minute data. It should be noted that a linear
extrapolation is not used for calculating an inter-hour standard deviaih because the variability

in the interhour standard deviations is minimal.

The dynamic ranges are customized based an theion climatology values and thug
provide a more rigorousvel of QC as compared to static ranges defined by sensor limits. As a
reminder, the dynamic ranges for each parameter are @atduor each hour of the year using
the hourly median (I ) and standard deviatiqt) for each observed parameter are used to

calculate each dynamic range. Each value must comply with this condition:

A A

M-k *o <observation<M+k*o (1)
where k = 1,2,3Figure 4 shows the how each observation is tested and then given an
appropriate flag As a reminder, values that fail the static range check are denoted as R4. These
flags are only guidance to determine whether manual inspection of the data is required. In cases

of extreme events (such as record breaking heat waves)ajbrity of values will fail the range



check are some level (usually either an R2 or R3). These are situation®thbte®C checks

(such as buddy and intersensor) are helpful in determining if the data is accurate.

Unfortunatelynot all measured pareeters respond well to dynamic ranges. One
example is precipitation, which is discrete andoes not follow ayroutinehourly, daily, or
seasonal pattern of variation in this geographical and climatological reynoher example is
wind speed, whiclhasa definite diurnal and annual pattehnoweverextreme winds events can
occur at any time of day or yedhis is why some parameters do not use the dynamic range

check and rely on other checksetosure their data quality.

2.1.3Dynamic RangeBkor Radiéion Parameters

While several parameters utilize dynamic ranges based on climatology, a different
technique is used for dynamic rangesaifr radiation$R) andphotosynthetially active
radiation PAR). Since these two variableshibit a daily and sesonal simisoidal pattern, the
dynamicranges arecalculated using a theoretical model based on time of day and time of year
(Stull, 1988) The theoretical models’ parameters are a constant value for solar irradiance (Kyle,
et al., 1985), a transmissivitadtor based on cloud cover (Burridge and Gadd, 1974), and a

factor of solar elevation angle dependent on location (Zhang and Anthes, 1982).

Once tle minimum and maximum SR valuase computed for eadtour during a

calendar year and for eastation, thee values are doubled to represent the PAR minimum and
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maximum values fodynamic range chedkince the ratiof PAR to SR is approximately two
(Sziecz, 1974; Howell et al., 1983). While this ratio is roughly, tivehould be noted that the
ratio varies iroughout the day and is dependent on sky condifidnis.ratio between the two

parameters is also used for the intersensor QC check, which is discussed in section 2.3.1.

The hourly observatiopasses the dynamicrange check for SR arfAR as RO if the
value fallsbetween the theoretical minimum and maximum valliese hourly value does not
satisfy this conditionit fails the range check and is flagged as&RR3 flag here indicates that
the value fails the theoretical maximum or minimum. Howeweactount for other factors such
as obstructionghe maximum andiinimum values are increased ahecreaed by 20%
respectively. 20% is chosen to help offset error in measurement due to surrosinslioty as a
tree to close tthe tower, or a building #t may block incoming radiation during sunset holirs.
the hourly valuestill falls outside the new thresholds, it is flagged asH4.minute values of
SR and PAR, an instantaneous minimum and maximum are calculated using thaeame

extrapolatiormethodologyfor minute datas described in section 2.1.2

2.2Buddy Check

The buddy check QC assesses the quality of sensodata by comparing observations at
each station to those of its neighbors. The number of neighboring stations used for the
compari®n is not fixed ands dependentn several factors, as described in the next section. The
buddy check consists of two parts: one compares the stationsO recorded values to that of

neighboring stations arahothercompares the hourly rate of change of theedees to the

11



hourly rate of change of the neighboring stations' values. Thus, this latter check is a hybrid
spatial and temporal check. An observed value and/or rate of change of this value that deviates
significantly from that of neighboring stationslMde flagged as suspect. This type of check is

not performed for nowontinuous meteorological parametér.g. precipitation and wind

direction) since these parameters vary greatly within space and time and thus, comparing values

with neighboring statias is not useful.

To perform the buddy check for each station, neighboring stations are selected initially
within a predefined radiusf 110 kmfrom each statioriThe buffer of 110 km is used to ensure
that stations in sparsely dense areas have a vahterof neighbors per quality check.

However, since neighboring stations can come from any observation n@tveankdatabase

(such as networks from the National Weather Serviedefal Aviation AdministratiorNational
Climatic Data Center)he specift parameters reported for each statiomnot alwaysonsistent
with those reported by its neighboFEor example, one station might report soil moisture,
whereas most of its neighbors do not report this variable. Thus, for each reported parameter, the
list of neighboring stations is limited to those thatreport that particular parametéor example,

when the soil temperature at Reedy Creek (REED) is being checked, its group of neighboring

stations will consist solely of ECONet stations, SiBC®Net is the only network in our

database that reports soil temperature. Finally, since increasing the number of stations will only
improve the interpolation (described in the next section) up to a certain point, the quantity of
neighboring stations is limited togmearest 16 stations. The limit of stations is 16 primarily to
decreas computational time ant restrictthe comparisons such that they only include values

from the closest stations, which tend to be most similar to the station of inféhdsttestavere
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performedusingmore than 16 stations,dte was not a statisticahprovement as compared with
using 16 or fewer surrounding statioifsthere are no more than foaeighboring stations for a

given parameter, the buddy check is not performed fopthameter.

Unfortunately, not alhourly observations are reported at the same time. For example, an
Automated Surface Observiigystem ASOS station typically reports several minutes before
the hour whereas ECONet stations report at the top of threTHasa problem is addressed by
using the observation at or nearedti® top of the hour in the hourdbuddy checKi.e. no
minute data is used) as descrilbetbw. Adjustments fobuddy check on minute data is also

discussed below

The comparison between an observed value at a given station and those of its neighbors
is performed using an inverse distance weighted (IDW) spatial interpolation (Wade,
1987;Guttman et al., 1988), which is given by the following formula:
| S
@

np

IDW =

wheren is the number of neighboring statiosshe observed value or hourly rate of change of
that value at the given statiomsicighbor, d the distance from the given station andhifs
neighbor, angb is a constant which controls how quickly the influence of a neighbor falls off

with distance (the higher the value, the faster the-dfbpf influence). In essence, this
interpolation can be viewed as a predicted value for the given station. However, one may note
that this choice of interpolation does not account for the spatial structure of the data as it uses

distance and not direction; a densely packed cluster of stations may cause uneven weighting
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toward a single direction. Nevertheless, testihghore complex interpolation schemes produced

negligible improvement, so simple IDW methods are used for computational efficiency.

Air temperature and station pressure cannot be compared disdbigybuddy check
since they vary directly withelevation. Therefore, buddy check adjusts values of these
paraméers based on elevation. For pressure, the value at each of the neighboring stations is
adjusted to the elevation of the station being checked. The pressure correction is applied to all
observations of station pressure. This method reduces errors asbagthtadjustment to sea
level, since the elevation diffence is smaller. To correatr temperaturghe standard
atmosphere lapse rate (6.51€m) is used for stations abo®67 metersi500 feet. While the
standard atmosphere lapse rate is reaseriabthe majority of situations, cases where inversion

at higher elevations is present cause challenges for this check.

One of the biggest challenges of QC based on netgt@observations is that erroneous
data from these neighbors datroduce biasnto interpolation calculation. This problem is
addressed by creating new interpmlas with some of the neighboring station daaoved
Thus, if an observation initially fails buddy chagkng 16 neighbors to perform an
interpolation, 16 new interpdians will be performedisingonly 15 of the stations, with a
different one removed on each iteration. If any one of the new interpolations allows the
observation to pass, it passes buddy clascBO However, if none of them allasthe
observation to pasghe reanalysis begins again, only this time without the station whose removal
led to the best agreement between the actual and interpolated value. This reanalysis leads to 15

new interpolations of 14 stations each. This reanalysis continues thztilté observation
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passes or two to foueandysis sets have been performetle humber of iterations is dependent

on the number of neighborEhebasisfor this reanalysis process is that a good interpolation
should be, to some degreéndependent of the dataset usedorovidedthatnot ta much data is
removed. h other words, the reanalysis process attempts to identify and exclude instances of
strong dependence on the dataset selection. Strong dependence would be preseatnigighboring
observation igaulty or if the distance weighting of the interpolation gives a nearby neighboring

station too much influence.

The failure level of the buddy check is determined using the magnitude of the difference
between the actual and interpolated values and betweanttrad and interpolated hourly rate of
change of those valudsarger differences correspond with higher flafjs three cutoffs points
for the levels are determined according to the following equation:

|1 Qg * Dpopar <ObSEIVAtion <l +a,4 * b (3)

where/ is the interpaited valuer the interpolated hourly rate of change of those values, aparam
is the multiplier specific to the degree of failure, &pganmis the multiplier specific to the
parameter. Variablesandb are determinedfter iterative testing of what scientists deemed

OgoodO data and what they deemed as ObadO data.

As mentioned abovéhe interpolated observations for buddy check are calculated from
the top of the hour observations. Special care must be taken to QC the minute observations
between eachour. Similarly to range check for minute variables, the hourly rate of change is
used to estimate the values in between the hours using a linear interpolation in time. The exact

value of hese new failure thresholdstiee maximum ogither the hourly n& of change or the
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original failure threshold (variablg.ramin equation 3The gatial check is performed by
comparing the linearly interpolated values to the measured value and the temporal check by
comparing the rate of change between themmurly observations to the original failure

threshold for the temporal check.

2.3 Intersensor Check

Once range and buddy checks are completed, parameter specific checks are initiated such
as the intersensor check. While range and buddy checks have modiBdd temtdle different
parameters, both have a certain methodology thatiisrm for the majority of th@arameters.

The intersensor tests, however, are fully parameter specific aagle currently only performed for
radiation,precipitation,and wind speedas shown in Table. ZThe following subsections will
briefly describe each test. It should be noted that values that fail the range check at the highest

level (R4) are not used in any intersensor check.

2.3.1Radiation Intersensor Test

Studiesby Szeiz (1974) and Howell et al. (1983) have shown an empirgationship
between PAR and SR, withe ratio of PAR to SRf approximatelhtwo, with fluctuations due to
time of day and year. For exaraghigher ratios (up to three or four) can occur dung
sunrise/sunset times. In general, this ratio withlso be higher than twan cloudy days due to the

fact that PAR can enter and transfer through the atmosphere with little to no absorption,
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scattering, or reflection byater vapowor other aerosols wheretdal incoming SR is absorbed,

scattered, and reflected.

The intersensor test for radiation uses a similar methodology to the range check based on station
climatology (described in section 2.1.2). Using the climatology of both SR and PARljanme

(1) and standard deviatiqh) are calculated for each station for each hour where SR and PAR
are both greater than zefithis hourly climatology allows the intersensor check to account for
fluctuations in the ratio due to time of dAymaximum and minimurthreshold set to 4.0 and
1.5respectivelyare set for both the mean and standard deviation to ensure that the interval used

to test against the ratio is large enough to allow variabahsot too large such that it is outside
the bounds of typical rats. Minimum and maximum standard deviations are set to 0.5 and 1.0,
respectivelyThe standard deviations are set to these numbers to limit the numbers of suspect
ratios passing, especially during near sunrise and near sunset hours as these times yield th
highest ratios. Oncept and! are calculated, the following inequalityused:

ul! <%Q<,u+! 4

If the condition is valid for the given observatiavhich means the observation is within one
standard deviation of the mean valbeth the PAR and SR observations pass the intersensor test
and are given an intersensor flaggefq denoted as 10f the condition is invalid for the given
observation! is doubled and the process repekitthe condition is valid after is doubled, both

the PARand SR observations are assigned an intersensor flag of two, denoteldl the 12.
condition is invalid aftel is doubled, both the PAR and SR observations are assigned an

intersensor check flag édur, denoted as 14. Both variables are flagged with this check to alert
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technicians of a possible sensor failure. Unfortunately, the check is unable to determine which

sensor fails the check.

For minute radiation dat@,and! for the hours surrounding the observation time in question are
averaged. Equmn 4is thenusedfor the observation in question, with the same intersensor flag

principles for hourly radiation data determining the flag for minute data.

2.3.2Precipitation Intersensor Test

Every ECONet station currently has two precipitation sensoreékgdioned in Section 1,
one is a standard tipping buckeecipitationgauge at 1m above the surface. The other is the
precipitation impact sensor located on the W20 sensor at 2m above the surface. In order to
validate the precipitatiofor eachsenso, an intersensor comparison between the two gauges is
performed. This intersensor comparison is only tested on the hourly sum of precipitation. Using
hourly sums, as opposed to individual minute observations, dltvveasier detection of
discrepancieby accumulating small potential errors and allows for easier detectmoteritial
issues with the precipitatiagensorsThe intersensor check uses the following inequality:

|gauge! impact|" 0.12in. (5)

whereGaugeis the standard tipping bucket precipibatigauge antmpactis the precipitation
impact sensoiThe threshold of 0.12 inches has been empirically derived after numerous
experiments with other threshold valuSsaller thresholdsf 0.05 and 0.10 were originally
used. However, these smaller threlslswere found to flag numerous data points erroneous,

especially during light rain (< 0.1 inches/hour) events where the impact sensor is more sensitive
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and heavy rain events(0.75 inches/hour) where the impact sensor tends to underestimate

precipitaton.

If the inequality is not met, the precipitation gauge and impact sensors both rec&ve an |
flag. Otherwise, both sensors are flagged a®lfce hourly values are flagged, technicians
review the previous hoursO minute observations to look for @bmtneous minute

precipitation values. Any suspected values are then flagged accordingly.

2.3.3Wind Speed Intersensor Test

On each ECONet tower, wind speed is currently measured at three different levels (2m,
6m, and 10m). We can test for sensor matfionby using a comparison between all three
levels. The first step is to calculate the mean wind sg&edbetween the three sensors. Once

" is calculated, a series of ratios are computed usingnéaa. The ratios are as follows:

Ratiol= WTSOZ

WS
Ratio2= "% (g

WS
Ratio3= L’w

ws

where w82 is wind speed &m, w6 is wind speed &m, and w40is wind speed atOm.

These ratios are, in essence, an effort to normalize the wind speeds. These ratios are

compared to each other to create three new ratios, wlilidmelp determine which sensor, if

any, fails the intersensor test. The comparison ratios are as follows:
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Ratiol
Ratio2
Ratio2
Ratio3
Ratiol

Ratio3

Ratio4 =

Ratio5= @)

Ratio6 =

Wind speeds below 0.1 fgor any denominatof{", ws06, and ws10) are set to 0.1'nrs

order to avoid any illegal division by zei©nce those ratios are calated, a series of conditions
are used to determine if a sensor fails the intersenspwiésthe goal of capturing extremely
high valies and extremely low valueBhese conditions include ratio thresholds that have been
set to 0.4 and 5.0 based on extensive tesfing basis here is teave a little more room for

error during near calm events, hence the 5.0 threshold, but to ensogehdgin winds events

that the values are not exact, which set the lower threshold {6ablé. 4displays the conditions

used and which parameieflags if certain conditionare not met.

2.4Trend Check

The trend check compares the current obsienvad a longer period of time to ensure
that the value being reported is valid given the current state of the atmosphere. Based on
parameter, this chedan servetwo purposes: 1) testirfgr erroneous spikes in data that would
not be captured in the rga checksuch as obstructions oarsors or possibly loose wirirog 2)
checkingfor drift in the sensor. Similar to the range check, there is one standard procedure for

the majority of the parameters while a few parameters require a modified vertiercbeck.

2.4.1Trend Check for Erroneous Spikes in Data
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Temperature, relative humidity, station pressure, wind speed, and soil temperature all
have the same routine for calculating any temporal inconsistencies. For each value, @) mean (
and a stanard deviation(!) are calculated from the previous 60 minutes. This is done to
calculate a maximum standard deviafiop ,whichis usedo compare against the difference
betweerthe current observation to the average of the previous(hdur,, is setto4x! in
order to better capture possible erroneous spikes in data that has been consistent within the
previous time period#\ smaller! ..  still capturesissues in data that have high standard
deviations, but in testingmaller ! ., failed to capture issues with small standard deviations.

The iterative testing is applied to known OgoodO and known ObadO datasets to ensure that values
being flagged are only OknownO bad ev&htsstandard deviation for the previous heuthien
compared to a minimum standard deviatibg. (), determined by empcal data derived from

extensive testing, to create a second condition to guard against sensors OflatliningO, or reporting
the same observation for sustained periods of tinsdould be noted that if from the previous

hour is less than 0.1, it is set to Afithe following twoconditionsare not met, then the current

observation is flagged as suspect, denoted with a Z prefix:
! >! _and (Observation! X)</ _  (8)

whereObservdion is the current observation.

If both conditions are met, then the observation is flagged as Z0. Othérwiseijs
doubled and the inequality is tested agHiit.passes the second time, the observation is flagged
as Z2 After extensive tegtg, anydifference between thabservatiorand the mean aight
times! .4 was clearly an erroneous val&s if the inequality fails a second time, the

observation is flagged &%!.
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2.4.2Trend Check for Sensor Drift

For SR and PAR, thedandcheck is designed to catdrift in the sensor. Radiation
sensors drift, on average, abo®3every year (Apogee Instruments, 2013). The trend check for
radiation takes hourly observations from the previous 30 days and compares them to the same
periodoneyearprior. The first step is to take an average of the valid SR and PAR observations
(defined as any \ae without an R4 flag) from fave-hourperiodduring the day100061400
LST) for each of the previous 30 days. Thédpseliminate any bias assocak with mesoscale
weather patterns during the period. Once the avefagéhe current year and the prior year are

calculated, the following inequality is used:

XCUH‘
— >094 (9
= 9

prev

where! .4, is the average for the previous 30 days 'angd is the average for the same 30 day
period one year priofl.hisinequalityallows a buffer of up to 6% of sensor drift per year.

Although the manufacturing standards set drift at 3% per year, we allow a drift of up to 6% to
account for outsiel factors, such as obstructions or changes in average sunlight between the two
periods in questiorif the inequality fails, all data rows for the current period being examined are
flagged as suspect and assigned a W4 @digerwise, the data are flagges WO0.Note that a

different flag is gsed for radiation trend checks instead of the Z #ditpough operational use of

the sensors indica¢hey should be recalibrated every year, this check alerts technicians if

sensor recalibration or replacement isaed before thend of the ongrear period.

2.4.3Trend Check for Precipitation
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Trend check for precipitation focusesthe tipping bucket rain gauge and sertres
purpose of identifyingpossible clogging issuehe impact sensor has a convex shdgsggn
that cannot clog, and allows for comparisath data from the tipping bucket to find potential
issues with the latter. Theheck compares the dday accumulation of the rain gauge to the 15
day accumulation of the impact sengbis rare forlocations in North Carolindo experience
two weeks without precipitatigrsoa period of 15 days hosen to ensure precipitation has
fallen during the comparison period. For the current hour, the previous 15 days of gauge and
impact sensor precipitation angnsmed. If the tipping bucket rain gauge repatvalue of
greater than zero incheake current observation passes and is flagged withte@&use the
gaugeshows no evidence of beitpgged If the value is equal to zero inchesdifference
between tk two sensors is calculated. If the difference exceeds 0.1sintieegauge is
consideredlogged and a Z4 flag is assignet@ihe Z4 flag is then placed on every future hour
until either a technician has unclogged the gauge and reported the new vgloed, @s
described in section 3, or the gauge starts reporting precipitation Agala.the tipping bucket
rain gaugehas a harder time capturing light precipitation events, a value of 0.1 inches over a 15
day period is considered enough of a differesugeh that either precipitation should have been
recorded in the tipping bucket gauge, or that the gauge is clodgeel difference between the
two sensors is less than 0.1 incltas, observation is flagged as 40 .the rare event that
precipitation fas not been recorded at either sensor during tual period, the difference will
be zero so the data will pass trend check and a Z0 flag will be assigned. It is important to note
that this methodology will not account for situations with a partiallggéal tipping bucket rain

gauge.
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3 QC Scores and Human Quality Control Checks

During the QC process, QC flags are appended together to show all checks that have been
run on a certain parameter. For example, a possible QC flag for air temperatusdZ9R0
which means that the value passed range check and trend check at the first level, but passed

buddy checked on the second level after failing at the first level.

After all data has beaguality controlledand flags are assigneaQC score is created
using the final @ flags for the given parameter to determinketheran observation requires
further investigationThe QC score utilizes all available checks for the given parameter and
ranges from a QEL, which means data hast yet beemuality contolled, b QC 3,which

indicatesdata iserroneougsee Table 5 for all possible QC Scores).

Table 6shows a breakdown of hadifferent QC flags are categorized iff&C scores
levels Since each parameter does not have the same number of checks} diffiet@nations of
the automated QC tests result in different QC scémsurtifact of this is that QC scores are
weighted towards the flags that have more parameter specific checks, such as intersensor and
trend checksHowever, future improvements to teC score will include weighting the

individual flags based on parameter so the QC scores can be parameter specific.

Each morningan email is sent to the QC teawith the percentage of data in each QC

score category fahe previous 24 hours ataastaion, as shown in Figure ®nce the @nail is
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sent, technicians as well as other scientists on staff begin examining stations with large
percentages of Oprobably goodO (QC 1) or Oprobably badGlé@@odrther evaluate the
observationsA link to the QC data vieweffFigure § is also provided in the email, which helps

SCO scientistgisualize the datdJsing this website, scientists have the abibitylag data as
suspecthat wadhnitially indicated OgoodO by automated checks, and vice Eackdauman
component adds a user flag (UO for good, U4 for bad) to the corresponding QC flag. User flags
take precedence over all automated flags. fbeg, any observationgith a U0 flag will have a

QC score of zeravhile a U4 flag corresposdvith a QC so@ of three Overall this process
supplements the automated QC checkh wimanual or OhumanO QC check that benefits from
scientific expertise and knowledge about the background climate variability and sensor strengths

and weaknesses.

4 Historical Quality Control

When a new QC routine is createdcbanges are made taarrent QC routine,lia
historical ECONet data i®processed to update flaghishelps to ensurthat erroneous values
are caught that may have previously passediso quality catrols data that has not been
checked yetAn instance of this would be data that was manually entered or was inserted into the
database aftehe most recent resime QCanalysis Historical reprocessings performedn
four stages, with each type of @Geck running independently of the others. The order of the
checks is as follows: rangeydidy, intersensor, and trend. Flags that have already been marked

with human flags (U0O,U4) are ignored in anypr@cessing.
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5 Challenges with Data QC

Data QC foNorth Carolina ECONdtasmany challenges, including the volume of data
and the lack of sufficient spatial density for many discrete variables. However, the ever growing
steps in data QC process has allowed us to address many of these challenges with some
efficiency. However, there ateo major challengstill to be addresse®ne set of challenges
occurs with the range check for the radiation parameters. The original intent of the theoretical
minimum and maximum values was for hourly observations. 3heeiof trying to interpolate
those hourly thresholds to minute values have given way to a sizable number of PAR and SR
values to be flagged, usually erroneously, during sunrise and/or sunset hours. While a scientist
usually flags the data as good after fact, the time needed to correct the erroneous flags is
substantialThe current solution to this problem is to relax the thresholds within an hour of

sunrise and sunset for each station to minimize the percentage of data flagged erroneously.

Another dallenge with datés looking atongertermtrends for continuous variablds.

has proved challenging to fully characteriae variability of certain parameters over a longer

period and determenan acceptable threshdldg faulty values. One exampléthis challenge is

soil moisture over longer thahe standard hour time period for the trend check. The soil

moisture probes currently in the field have a tendency toliDB&, or show a consistent value

for a long period of time. The values howe\ae well within the range of acceptable soil

moisture values and will pass the dynamic range check. One way to solve this has been to extend
the trend check to a longer period and look for variability in soil mois@ugently,the new

trend check fosoil moisture looks for a difference of 0.01%/m® over a 13day period. While
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the current test shows some success, issues with sensors in predominately clay soils still prove to

be a challenge.

6 Summary and Conclusions

The North CarolingEnvironmentand ClimateObserving Network (ECONet) is a
mesoscale weather network of 39 research grade weather stations maintained by the State
Climate Office of North Carolina (SCO). The parameters measured at these stations are
important to many sectors of NorthGhna and provide valuabknvironmentatlata in areas

where no anothanformationexists.

Part of maintaining such a network is the quality control (QC) of the data. The SCO
performsmanual and automated QC on all observations collected from the ECaNe
automated QC checks are performed to ensure the data being used by scientists and other
personnel is up to the highest quality. These checks include -@#dngg climatological check
(range check), a spatial check using neighboring stations (lmnaéd¥), a site check comparing
sensors for consistency (intersensor check), and atenoriclimatological check to check for
erroneous spikes or OflatliningO of data (trend check). Each check has its own unique way of
alerting SCO scientists of possil@goneous data. These checks 1800 technicians maintain

and repaisensors at weather stations in a timely fashion.

Overall, quality control is a critical yet challenging aspect to maintaining a network of

weather stations. Current efforts will conteto improve QC of the variables mentioned as well

27



as all variables within the ECONet in order to help technicians respond quickly to faulty sensors

and to ensure a high standard of data provided to our clientele and fellow scientists.

5.1 Future Work

Currently, notall parameters perform the same number of QC ahétks can lead to
disparate QC scores, where additional checks on certain parameters increase the overall
confidence in the quality of those datdr. temperature, soil temperature, and sodisture
currently have new checks in developmidnattwill allow a more robust QC process for these

parameters.

Soil moisture is currently using a static range to determine if a value is acceytiible.
large static range to accompany the vast ntaesrof soils in North Carolina, sensor
malfunctions may gannoticed for prolonged perioasthout regular manual inspection of the
data.Utilizing the work by Pan et al. (2010), a saturation index is being created for each station
to test soil moisturealues against a theoretical maximum soil moisture valis. new static
rangetest is currently showing good results, but is not applicable to all stations at thiiiene

the lack of soil specific data at all stations.

Another check currently in gelopment is an intersensor comparison between air
temperature ahsoil temperatureirsce onlya few ECONet stations hawaultiple co-located soil
temperature sensorBhis check willbe based on linear regression between the two sensors and
will be calibrated per solil type and seas@mce testing is complete, the check can be

implemented fothesestations.
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A spatial regression techniqueaisobeing explored, which will replace theverse
distance weighting method in the buddy chd&dks new methodvassuccessful in previous
studies (Hubbard and You 2005) ahds,should improve the QC of stations at higher elevations

by comparing them to statiomgth similar trends and not just to thksest stations
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Tablel. Parameters and sensors measured by the ECONet

Parameter Sensor Height Measured
Temperature Vaisala WXT-520Weather 2 meters
Transmitter
Station Pressure Vaisala WXT-520Weather 2 meters
Transmitter
Relative Humidity Vaisala WXT-520Weather 2 meters
Transmitter
Wind Speed and Wind Vaisala WXT-520 Weather 2 meters6 meters, and0

Direction

Transmitter (at 2 m); RM
Young05103wWind Monitor
(at6m and10m)

meters

Precipitation

Hydrological Services TB
Tipping Bucket Rain Gauge
(at1m);Vaisala WXTF520
Weather Transmitter (&m)

1 meter and® meters

Incoming Solar Radiation

Apogee SP110 Pyranorater

2 meters

Photosynthetically Active
Radiation

Apogee SQ110Quantum
Sensor

2 meters

Soil Moisture

DeltaT services M2x Theta
ProbeR0cm) or DeltaT
services PR/4 Soil Profiler
(10,20,30,4@m)

10cm,20cm,30cm,40cm
below surface

Soil Temperéaure

Campbell Scientific C307-L
thermistor £0cm)

10 cm below surface
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Table2. Automated QC checks run by the State Climate Office of North Carolina.

Parameter Range Check| Buddy Check [ Intersensor Check | Trend Check
R) (B) ) (Zorw)
Temperature Yes Yes No Yes
Station Pressure Yes Yes No Yes
Wind Speed Yes Yes Yes Yes
Wind Direction Yes No No No
Relative Yes Yes No Yes
Humidity
Precipitation Yes No Yes Yes
Soil Moisture Yes Yes No No
Soll Yes Yes No Yes
Temperature
Solar Radiation Yes No Yes Yes
Photosynthetic Yes No Yes Yes
Active
Radiation

Table3. Minimum and maximum standard deviations for range check calculations.

Parameter Min. Standard Deviation Max. Standard Deviation
Temperature 6.5iC 11.5;C
Pressure 8.5mb 17mb
Relative Humidity 13% 26%

Soil Moisture .07 mtm™ 14 mPm>

Soil Temperature 5iC 10iC

Wind Speed 1.5 ms 10.0 m§"

Table4. Intersensor conditions and flags for winds spee@maém and10m.

Condition WS02 WS06 WS10 Interpretation
Flag Flag Flag

Ratio4 and Ratio6 > 5.0 14 10 10 High w02 values
Ratio5 and Ratio6 > 5.0 10 10 14 Low wslOvalues
Ratio4 > 5.0and Ratio5<0.4 | 10 14 10 Low ws06 values
Ratio5 > 5.0and Ratio4<0.4 | 10 14 10 High w06 values
Ratio4 and Ratio6 < 0.4 14 10 10 Low w02 values
Ratio5 and Ratio6 < 0.4 10 10 14 High wsl0values
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Table5. QC scores with descriptions.

QC Description

Score

QC-1 Data has not been quality controlled

QC O Data has passed all QC tests

QC 1 Data is probably good

QC 2 Data is probably bad, butay still be good in extreme weather
events

QC 3 Data is bad and should not be used

Table6. All current combinations of flags with corresponding QC scores.

QCO QC1 QC?2 QC3
uo RO R0Z2 ROI0Z2 |R0z4 ROI2 U4 ROW4
ROWO | ROZO ROI0Z4 |ROB2Z0 |ROI2ZO | ROI4 ROI1Z4 | ROI2Z4
ROIO ROI0ZO | ROB3Z0 |R1 ROI4Z0 | ROBOZ4 | ROI4Z4 | ROB1Z4
ROI1 ROI1IZ0O | R1BOZ4 | R1B1 ROB2 ROB2Z4 | ROB3Z4 | ROB4Z0
ROBO ROBOZ4 | R1B2Z0 | R2Z0 ROB3 R1Z4 ROB4Z4 | ROB5Z0
ROB1Z0 | R1Z0 R2B0 R2B2Z0 | R1B1Z4 | R1B2 ROB5Z4 | R4
R1BO RIBOZO | R3B0ZO |R3B1Z0 | R1B2Z4 | R1B3Z0 | R1B3 R1B3Z4
R1B1Z0 | R2B0ZO | I1 BOZ4 R2 R2Z4 R1B4Z0 | R1B4Z4
Z0 10 B1 B2Z0 R2B0Z4 | R2B2 R1B5Z0 | R1B5Z4
BO B0OZO R2B3Z0 | R3 R2B2Z4 | R2B3Z4
B1Z0 R3Z0 R310 R2B4Z0 | R2B4Z4
R3B0 R3B1 R2B5Z0 | R2B5Z4
Z4 12 R3Z4 R314
B174 B2 R3B0Z4 | R3B1Z4
B2Z4 B3 R3BZ0 | R3B2z4
B3Z0 B4 R3B3Z0 | R3B3Z4
B4Z0 R3B4Z0 | R3B4Z4
R3B5Z0 | R3B5Z4
14 B3z4
B4z4 B5
B5Z0 B5Z4
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Figure Caption List

1. Locations and communication methods for each ECONet station

2. Schematic of instrumentation on a typical ECONet tower. This view is looking northward with

solar panel and radiation sensors facing southward.

3. Flow chart representing how instantaneous median and standard deviations are calculated for

use on minutelata for Range check.

4. Flow chart showing the range check process.

5. Sample QC -enail showing QC scores. Any number with a # sign afterwards indicates the

raw number of observations with that score (usuallysy.

6. The QC data viewer scientistseuto validate any questionable data noted by the automated

QC procedures. The user has the option to select observations, and then determine (bottom right)

if they should pass (@ or fail (U4).
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Figures and Tables

North Carolina ECONet Map

(showing communication methods)

35N —

Figure 1. Locations andbmmunicaion methods for each ECONet station
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Figure 2. Schematic afistrumentation on a typiclBCONettower. This view is looking

northward with solar panel and radiation sensors facing southward.
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Calculate rate of
change between
medians of hours
surrounding ob.!()

Obtain observation
(eg 11:34)

Multiply ! min by
minutes in ob and add
to median of prev houi

to get inst. median

Divide! by 60 to
obtain minute rate of
change [ min)

Average! from
surrounding hours to
get instant!

Apply median and
to equation 1

Lo

Figure 3. Flowchart representing how instantaneous median and standard de\aa¢gions
calculatedor use on minute data for Range check.
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—> inequality Yes
true?
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Setk=k+1
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Figure 4. Flow chart representing the rangec&process.

Set flag as RH.)

Set flag as R3
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QC Status of all ECONet Stations:
From 201312-1209:05:00EST To 201312-1309:05:00EST

Station | Var | Count | QC-1 | QCO QC1 QC2 | QC3 Last Ob
LAUR ob 99.7 120# 93.3% - 1.1% 5.2% | 201312-1310:03:00
BURN ob 99.9 152# 94.3% 79# 245# 3.9% | 201312-13 10:05:00
WAYN ob 99.9 120# 96.8% 145% 181# 1.5% | 201212-13 10:05:00
BUCK ob 99.9 5.6% 91.5% 1.7% 16# 1.2% | 201212-13 10:05:00
MITC ob 99.5 - 96.9% 1.4% 204# 230# | 201212-13 10:00:00
BEAR ob 98 5.6% 92.3% - 1.3% 228# | 201212-13 09:39:00
JACK ob 997 117# 98.1% 83# 161# 142# | 201212-13 10:02:00
FLET ob 99.9 5.6% 92.6% 80# 1% 132# | 201212-13 10:05:00
WINE ob 99.7 120# 97.5% 251# 166# 123# | 201212-13 10:03:00

SALI ob 99.5 12# 98.8% 79# 121# 119# | 201212-13 10:00:00
SPRU ob 99.5 20# 98.8% 4# 181# 114# 201212-13 10:00:00
NEWL ob 99.9 107# 97.4% 91# 1.5% 110# | 201212-13 10:05:00
CAST ob 98.2 5.6% 93.7% 67# 12# 105# | 201212-13 09:41:00
WHIT ob 99.8 5.6% 93.7% 66# 21# 103# | 201212-13 10:04:00
CLIN ob 99.9 5.6% 93.1% 259# T# 100# | 201212-13 10:05:00
WILD ob 99.9 6.0% 93.2% 98# 23# 100# | 201212-13 10:05:00
LAKE ob 99.9 7.2% 92.1% 65# 10# o7# 201212-13 10:05:00
KINS ob 99.9 5.6% 93.8% 45# 25# 96# 201212-13 10:05:00
TAYL ob 99.9 107# 98.3% 73# 166# 96# 201212-13 10:05:00
REED ob 99.9 189# 98.9% - 10# 95# 201212-13 10:05:00
NCAT ob 99.9 120# 98.9% S55# 24# 95# 201212-13 10:05:00
CLAY ob 99.5 5.3% 94.2% 26# 11# 95# 201212-13 10:00:00
SILR ob 99.9 120# 98.4% 95# A7# 94# 201212-13 10:05:00
GOLD ob 99.8 5.6% 93.8% 71# 10# 91# 201212-13 10:04:00
LEWS ob 99.9 5.6% 94.0% - 18# 87# 201212-13 10:05:00
DURH ob 99.9 110# 99.0% 1# 17# 85# 201212-13 10:05:00
HIGH ob 99.9 119# 99.0% 4# 10# 85# 201212-13 10:05:00
ROCK ob 99.9 5.6% 93.8% 62# 20# 82# 201212-13 10:05:00
OXFO ob 99.7 120# 99.0% - 76# 80# 201212-13 10:03:00
PLYM ob 99.9 5.6% 93.6% 132# 18# 78# 201212-13 10:05:00
AURO ob 99.6 5.6% 93.9% 58# 3# 76# 201212-13 10:01:00
WILL ob 99.6 5.6% 94.0% 24# 3# 5% 201212-13 10:01:00
HAML ob 75.4 107# 98.1% 147# 53# 5% 201212-13 10:05:00
REID ob 98.1 154# 99.1% 3# 3# 144 201212-13 09:40:00
FRYI ob 99.6 120# 98.4% 159# 33# 71# 201212-13 10:01:00
CLA2 ob 99.9 115# 98.7% 101# 3# 67# 201212-13 10:05:00
JEFF ob 99.9 102# 99.4% - 6# 52# 201212-13 10:05:00

Figure 5 Sample QC -enail showingQC scores. Any number with a # afterwards indicates the

raw number of observations with that score (usually <1%).
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Period Start: [IERCEvIN EGEY- B EST || Period End: [EIUETSCIE [E0E) EXR) EST Rty QC Viewer v3.131001

Station %
AURO 98.2
| BEAR | 984
[ Buck | 988
| BURN | 98.7
temp 100
rth 100
ws 100
wd 100
st 100
precip 100
precipimpactl 100
pres 100
par 100
ST 100
st 100
sm 100
wsavg 1.6
wsmax 1.6
ws02 100
wd02 100
wsavg02 1.6
wsmax02 1.6
gust02 100
ws06 100
wd06 100
qust06 100
CAST 98.1
| ca2 | 984
[ aar | 977
[ cun | o8

5.4
5.4
6.2

Count QC-1 OCO
? v

94
91.2
91.1
94.9
91.6
98.6
98.6
98.6
98.6
98.6
98.6
98.6
67.7
72.5
98.6
98.6

100

97.4
98.6
87

98.6
97.7
98.6
98.6

94
98.1
92.2
93.8

x?

0.4

S

1.8

0.1

0c2 QC3

b3
0.1

0.8
0.6
2.6

hart: Click once to set a start range, and again to end the range. Double click for a single ob

1®AI‘\WFIB,L Y M’;M'wamh B s AT 245““ ivlwm Wib\\,

Wwso6[m/s] HQc1 M Qco QC1 [WQc2 MWQc3 Pending Changes

WWWWWWMMM

217 ... 21717:15(0) 217 17:50 (0) 2/17 18:42 (0) 2/1719:25(0) 2/17 20:08 (O) 2/17 20:52 (0) 2/17 21:35 (0) 2/17 22:18 (O)
iewing ws06 at BURN

8PM 2/17

etwork ws06 at 2/17 18:29 (O) Click again to set end time

o %St

Comments

Mark 0 date range(s) above as:

| v (o) || x (U4)) || Removeu |

Figure 6 The QC Data Viewer scientists use to validate any questionable data noted by

automated QC procedures. The Usas an optionat select observationand then determine

(bottom right) if they should pass (UO) or fail (U4).
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