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TOWARD A STANDARDIZED
METADATA PROTOCOL FOR URBAN
METEOROLOGICAL NETWORKS

BY CATHERINE L. MULLER, LEe CHAPMAN, C.S.B. GRiIMMOND, Duick T. YouNg, AND Xiao-MING CAl

Bringing together the disparate guidelines for best practices in observing and documenting

urban stations and existing meteorological networks should improve the quality and

applicability of the increasing amount of data gathered by high-resolution urban networks.

he complexity of urban atmospheric processes
makes them impossible to measure adequately
using traditional surface observation ap-
proaches consisting of a few individual monitoring
stations. However, in recent years, meteorologi-
cal observations have benefited from automated
monitoring, advancement of sensor technologies (e.g.,
miniaturization, wider range of sensor types), lower

cost of sensors, and improved data transmission to
near-real-time communications networks. Once
combined, these have enabled the creation of urban
meteorological networks (UMN5) with the capability
to operate at a range of atmospheric scales (Table 1).
Hence, a UMN can be defined as cooperative, spatially
distributed meteorological monitoring equipment
across an urban environment with autonomous,

TasLE I. Relations between spatial scales and UMNs, from largest to smallest areal extent [from Muller

et al. (2013), with modifications].

Atmospheric scale
Spatial scale* | Areal extent (m) (Orlanski 1975) Description
. Regional mesoscale conditions in the urban, peri-urban, and sur-
Regional/ 10%-10¢ Meso-a rounding rural M le ph be hazard
mesoscale g rural areas. Mesoscale phenomena may be hazardous
and undetected without densely spaced or dynamic monitoring.
Urban/ 1041055 Meso-B Whole city or urban area—dense array of sensors required
city scale® because of the complex morphology of urban areas.
Minor landscape features (parks, ponds, small topographic
Neighborhood/ 10— 1 0* Meso-y features) and neighborhoods with similar types of urban
local scale development (surface cover, size, and spacing of buildings, and
activity), e.g., city center, old dense residential, or industrial zone.
Horizontal and vertical variability cause large differences
Micro-y over small distances. Influenced by dimensions of component
Microscale <102 Micro-B elements, e.g., buildings, trees, roads, streets, blocks,
) courtyards, and gardens. Processes such as turbulence,
Micro-a radiation, and thermal heating are very irregular at these
scales; numerous sensors required to represent the processes.

2 Networks contain individual sensors collecting measurements that can be representative of the mesoscale, local scale, or microscale.

® Scale added for the purpose of defining urban networks, since many networks are smaller than mesoscale networks but larger than
local-scale networks, covering just the urban areas—spatial scale wide ranging, as it depends on size of city.
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near-real-time communication capabilities for trans-
mitting data. The specific scale and type of UMN
implemented is dependent upon required coverage,
the variables observed, and the atmospheric processes
being studied, which, along with resource availability,
have an impact on the communications system, physi-
cal arrangement of sensors, power sources, size, and
topology of the network [see Muller et al. (2013) for
a detailed review of such networks]. These advances
allow urban environments to be monitored at much
finer spatial scales over a wider range of temporal
scales than was previously possible, furthering our
understanding of atmospheric processes and the im-
pacts of climatic changes. As such, this high-resolution
information can help to improve decision making,
emergency preparation, weather forecasting, urban
climate research, and urban planning for critical
infrastructure needs (Chapman et al. 2013).
Because of the growing usage of urban
meteorological data, it is imperative that UMNs are
implemented and managed to a high standard, using
common guidelines where possible. However, existing
guidelines and recommendations are for synoptic-
scale national networks or for individual urban moni-
toring stations (e.g., Oke 2004, 2006a; WMO 2008),
rather than for UMNSs. The divergent requirements,
implementation, and management of UMNSs suggest
that there is an equivalent need for recommenda-
tions or standards for UMNs. This would benefit
developers and data users by increasing confidence in
data representativeness and quality. Indeed, techni-
cal information about UMN:Ss is frequently difficult
to ascertain because of insufficient reporting and
documentation of methodologies and procedures.
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As data quality may therefore be questionable (NRC
2012; Muller et al. 2013), it makes the ability to cross
reference networks difficult. For example, the need to
standardize approaches has been identified as critical
from the Word Climate Conference-3 (WCC-3, in
2009) for urban areas (Grimmond et al. 2010) and in
the United States (NRC 2009, 3-4):

The status of US surface meteorological observations
capabilities is energetic and chaotic, driven mainly
by local needs without adequate coordination. . .
An over-arching national strategy is needed to inte-
grate disparate systems. . . . Increased coordination
amongst existing surface networks would provide a
significant step forward and would serve to achieve
improved quality checking, more complete metadata,
increased access to observations, and broader usage
of data serving multiple locally driven needs.

Similarly, the NRC (2012, p. 94) report on urban
meteorology prioritizes the need for “regularly
updated metadata of the urban observations using
standardised urban protocols” as a key short-term
need for the advancement of urban meteorology.
Furthermore, they note that the value of observa-
tional data is maximized only when accompanied
by comprehensive metadata, including information
on site selection, quality assurance, and management
procedures, which are often lacking for urban sites
and networks.

Frequently, urban meteorological studies have
been critiqued because of poor metadata and/or
siting (e.g., Grimmond and Oke 1999; Roth 2000).
Most recently Stewart’s (2011) review of urban heat
island (UHI) studies found a large number failed to
adequately describe experimental design, choice of
sites, exposure of instruments, and contained a lack
of sufficient instrument metadata. To ensure high-
quality usage of the data for applications and urban
research, recommendations and guidelines must be
followed and adequate information reported.

ESTABLISHED GUIDELINES AND
RECOMMENDATIONS. The term metadata
is commonly used for any scheme of resource de-
scription for any type of object, digital or nondigi-
tal (NISO 2004). It provides the key aspect in any
protocol and is essential to effective integration of
diverse data sources (NRC 2009). The importance of
documenting detailed metadata is highlighted in the
Global Climate Observing System (GCOS) climate
monitoring principles document (WMO 2003), which
states that metadata should be “treated with the same
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Fic. I. Two very different meteorological stations in terms of siting (e.g., height of sensor, surface cover, distance
from obstacles), instrumentation (e.g., type, performance characteristics), and exposure (representativeness
would need to be assessed via micro- and local-scale surveys; see main text and supplementary material at
http://dx.doi.org/10.1175/BAMS-D-12-00096.2). Both are located within the city boundaries of Birmingham,
United Kingdom: (a) a city-center site and (b) an urban park site.

care as the data themselves.” Metadata ensure that the
end user has “has no doubt about the conditions in
which data have been recorded, gathered and trans-
mitted” (Aguilar et al. 2003, p. 2) in order to ensure
accurate interpretation, manipulation, and evaluation
of results with minimal assumptions regarding data
quality or homogeneity (WMO 2008). If detailed
metadata are collected, then data can be interpreted
accurately, and anomalies or patterns adequately
explained and accounted for, whereas if insufficient
metadata are collected, then it is difficult or impos-
sible to assess site representativeness and therefore
perform reliable data analyses (Stewart 2011). Hence,
for meteorological datasets (from in situ monitoring
equipment or networks), this includes all supplemen-
tary information, characteristics, and descriptions
of the monitoring equipment (instrument, sensot,
and variable metadata), the monitoring site itself
(site, station, and enclosure metadata), the network
(network or subnetwork metadata), and the network
management procedures and communications

AMERICAN METEOROLOGICAL SOCIETY

methods (cyberinfrastructure or network operations
metadata). For example, Fig. 1 shows two different
meteorological stations, both located within the same
city—detailed metadata are clearly essential for data
interpretation at these very different locations.
Existing World Meteorological Organiza-
tion (WMO) guidelines for the measurement of
meteorological variables and climatological practices
(e.g., WMO 2008, 2011) are mainly concerned with
national and/or global instrument networks whose ob-
jective is to collect regionally representative data (i.e.,
not within urban areas). These standard guidelines
contain essential and detailed information relevant
to making meteorological observations, including
details on requirements for each variable, siting and
exposure, instrument calibrations, operating prac-
tices, data management and quality assurance/quality
control (QA/QC) techniques. However, it is difficult
and often inappropriate to conform to standard WMO
guidelines when siting equipment in cities, since there
are numerous obstructions to airflow and radiation

AUGUST 2013 BAIS | 1163
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(D)

Network operations

Within these guidelines and others
(e.g., Aguilar et al. 2003; NOAA
2004; Manfredi et al. 2005), specific
concepts, definitions, approaches,
and recommendations relevant
to urban stations are discussed.
Furthermore, these guidelines also
provide general recommendations
for collecting and documenting addi-
tional instrumentation, network, and
operations metadata that are not in-
trinsic to a particular station but are
equally important (Grimmond 2006;
WMO 2011). These additional meta-
data are essential for anyone utilizing
network data, comparing data from
different networks, or setting up a
new network. For example, Aguilar
etal. (2003) and WMO (2011) include
comprehensive recommendations

disseminate

Report, communicate,

Datasets + metadata

for instrument metadata, including
sensor type, manufacturer, serial
number, method of measurement
and observation, units, resolution,

accuracy, response time, time con-
stant, time resolution, date of instal-
lation, corrections and calibrations,
and comparison results. These guide-
lines also call for information on
operational procedures, such as data
processing methods and algorithms,

Fic. 2. Schematic of the urban climatological network metadata pro-
tocol components—a summary of the metadata elements required
for each individual component [(a)-(d)] corresponding to Table 2
(Note: colors correspond to the metadata tables). Please refer to
main text for more information.

resolution, input source, parameter
values, QA/QC, constants, storage
procedures, access and processing
methods, and communications and
transmission methods. McGuirk and

1164

exchange caused by anthropogenic surfaces, objects,
and activities (Oke 2004).

Oke (2006b, 2009) was among the first to call for
common urban climate protocols (particularly paying
attention to issues related to scales, experimental
design, site classification, instrument exposure, and
metadata collection), suggesting it would be valuable
to have a “manual” for workers in urban climate to
aid with the design of observational networks (Oke
2006b). Specific recommendations do exist for siting
and exposure of equipment in urban areas (e.g.,
Aguilar etal. 2003; Manfredi etal. 2005; NOA A 2004;
Oke 2006a; WMO 2008, 2011) and outline the type
of information that needs to be included as urban
station metadata in order to obtain representative
measurements (e.g., Oke 2004, 2006a,b; WMO 2008).

| BAMS AUGUST 2013

May (2003) include similar recom-
mendations but further distinguish between station
and network metadata (comprising instrument, re-
search, software, and network procedures). However,
such recommendations are often specific to the ap-
plication (e.g., road weather monitoring, large-scale
measurement networks and facilities, individual sites),
meaning that certain aspects that are important for
UMN:Ss (as discussed in the “Proposed UMN protocol”
section) are lacking in these guidelines.

Although metadata and technical information are
difficult to ascertain for many established UMNS,
there are some for which the complete technical
details of their network and the protocols employed
have been documented [e.g., Oklahoma City Micronet
(Basara et al. 2010); Oklahoma Mesonet (Brock et al.
1995; Shafer et al. 2000; McPherson et al. 2007); West



Texas Mesonet (Schroeder et al. 2005); Helsinki
Testbed (Poutiainen et al. 2006)]. As such, these may
also be used as a source of guidance for implementing
other UMN:S. For example, technical information for
both the Oklahoma Mesonet and the Oklahoma City
Micronet is published and available online. These
include information about the station and network
architecture and design, site selection and classifica-
tions, sensors (including type, accuracy, etc.), sensor
locations, communication infrastructure, instru-
mentation, monitoring, and network operations (e.g.,
QA/QC, calibration, and maintenance procedures).
Additionally, Basara et al. (2010) and Schroeder et al.
(2010) outline the land classification procedures used
for the Oklahoma Micronet. However, as acknowl-
edged by the NRC (2009), such a level of technical in-
formation is very disparate for the majority of UMNs.

By reviewing these existing guidelines, collating
recommendations and best practices and establishing
where information is missing, this paper endeavors
to produce a comprehensive, standardized protocol
for assisting those involved in implementing and/or
utilizing UMN:Ss.

PROPOSED UMN PROTOCOL. Metadata are
required to cover the instrumentation, site, network,
and operations; therefore, a number of factors need to
be considered in developing an urban meteorologi-
cal network protocol (UMNP). Figure 2 and Table 2
summarize the proposed UMNP components, from
whole network operations metadata to individual sen-
sor metadata. The elements are derived from urban
network literature (e.g., Mikami et al. 2003; Basara
et al. 2010; Koskinen et al. 2011; Muller et al. 2013),
recommendations available for urban
stations (e.g., Oke 2004, 2006a), and
larger-scale meteorological moni-

toring networks (e.g., Aguilar et al.
2003; WMO 2008, 2011), as well as
the authors’ experiences of setting
up urban networks. The following

Systematic Gradient/Transect
° ) ° ®
° o ° B
° ) ° °
° o ° ° _

sections provide an overview of each
metadata component of the proposed
UMNP (from the whole network
scale to the individual sensor scale,

Systematically samples from grid squares
of equal dimensions, e.g., Gandin (1970).

Gradient samples at different densities,
whilst transect sample along a line through
agradient of change, e.g., Chandler (1962)
UHI research

Radial Random
-~ 1 ”
~ s [ ) L]
~\ 3 P .
- H &
5, ° P
b l. 4.' o0
Ko 1 ot
R T T SRy .
sl PN °
o I g
A N ‘
e d

Samples along transects radiating out-
wards from a central point, e.g., Koloko-
troni et al. (2006) study of London’s UHI.

Political

Samples taken from randomly chosen
locations, e.g., if voluntary participation -
Weather Underground

Sampling informed by political boundaries,
e.0., LAQN, afthough specific siting guided
by air pollution character (Tseng and
Chang, 2001)

concluding with the network opera-
tions-scale metadata), outlining and
explaining the individual elements
and their necessity for inclusion.

It should be noted at this stage
that this protocol is designed as a
guideline document to assist with
collecting and documenting mean-
ingful metadata, for use by the end
user and those implementing and
managing UMNs. UMNs are often
designed for a specific purpose, and
therefore have specific siting require-
ments depending on a number of
aspects, including required network
density, available equipment, ap-
plications, partners involved, site
access, etc. (Muller et al. 2013).
The metadata protocol is one of
many tools needed to assist in UMN
implementation. Others include, for
example, instrumentation selection,
communications selection, data
protocols, network design, and man-

Fic. 3. Main approaches taken toward network design, with references

(after Robinson 2010). agement approach—each of which
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have extensive literatures that are rapidly evolving.
For example, Fig. 3 summarizes some of the main
approaches toward network design; however, this also
needs to take into account the land cover characteris-
tics in the urban area when determining the appropri-
ate number of stations and their location. Thus, how
to classify urban areas—such as Stewart and Oke’s
(2012) local climate zones (LCZs) driven by urban heat
island characteristics or Loridan and Grimmond’s
(2012a,b) urban zones for energy partitioning (UZE)
developed for characterizing observations and for
numerical modeling (Loridan et al. 2013)—needs
to be part of the process of the overall UMN design.
Similarly, how a UMN is managed depends on such
things as the requirements of network owners, part-
ners, number of staff employed, and resources.

Network metadata. First and foremost, details are
required about the network itself (Table 3). Such
network information would include the type/purpose
of the network (e.g., meteorological, air pollution), a
description of the network (e.g., objectives, partners),
operating authority, contact details, and information
regarding the operational time frame (e.g., implemen-
tation date, periods offline). Additional geomorpho-
logical, orographic, geographic, and socioeconomic
data that may characterize the overall setting are also
necessary (e.g., digital elevation models; census data;
GIS data such as percent built, percent vegetation
cover, satellite imagery, thermal imagery). Such meta-
data are useful for end users to appreciate the network
setting and for determining land classifications, but
they are also useful during the network design stages,
for assisting with source area calculations (see “Site
metadata” section), and for interpreting results.

Metadata management requires not only the pro-
tection of the data itself but also regular updating.
Table 3 and subsequent metadata tables provide an
indication of the recommended frequency to ensure
that updates or changes are documented. For ex-
ample, changes to the number of sites or areal extent
of the network [including updated map(s)], dates
when the network is offline, changes to the mor-
phology of the area (major redevelopment, changes
to specific boundaries, etc.), and vegetation charac-
teristics (e.g., growth, planting, removal) all need to
be documented.

Second, the network architecture needs docu-
menting (e.g., number of subnetworks and individual
sites, network maps, and size of the network), which
will include the areal extent of the networks and the
density of the array (e.g., number of sensors per area
or distance between sensors). The specific size of the

AMERICAN METEOROLOGICAL SOCIETY

network will depend on its objectives, such as the
atmospheric processes to be observed and the tem-
poral and spatial resolutions required (Grimmond
2006).

Site metadata. Next, the schema includes established
guidelines for individual urban meteorological sta-
tions (e.g., Oke 2004, 2006a) that are used as the basis
for recommendations (Table 4). Measurements from
individual sensors observe atmospheric processes
from a particular source area or field of view that is
representative of a specific scale. The scales of interest
across and within an urban area are mesoscale (i.e.,
regional climate, covering urban, peri-urban, and
rural areas), local scale (i.e., distinct neighborhoods),
and microscale (i.e., urban canyons or lots) (Oke 1982,
1984, 2004, 2006b, 2009, 2006a; WMO 2008, 2011).
The representativeness of individual measurements
(i.e., the surrounding area an instrument “observes”)
or “exposure” is a function of the area influencing a
measurement (“source area” or “footprint”). Source
areas for many instruments and/or variables over
urban areas are often difficult to calculate. They de-
pend on the location of the instrument (e.g., height,
distance to obstacles); the specific variable and tem-
poral scale being observed; the measurement method
of the instrument; the morphology of the area and the
nature of the underlying surface; and in some cases,
the meteorological conditions (Oke 2004; Grimmond
2006). Therefore, thorough metadata collection is
paramount to inform estimates of source areas, par-
ticularly for instrumentation located within the urban
canopy layer (UCL). Metadata provide additional
important understanding, both about the site and
the local surface characteristics that influence the
measurements that are crucial to the interpretation
of observations from a particular instrument.
Frequently, the siting of instrumentation in urban
areas causes difficulties with respect to the represen-
tativeness of measurements. For example, it may be
necessary to locate equipment over a range of surfaces
(e.g., asphalt, concrete, grass) at variable heights, to
split instruments over different locations, or to locate
instruments nearer to buildings or anthropogenic
heat/moisture sources than would otherwise be rec-
ommended by standard WMO guidelines (Oke 2004).
With the impact of the urban morphology being a key
aspect of the environment to be observed (Stewart
and Oke 2012), the standardization of the sensor
location explicitly has to relate to its 3D characteris-
tics (height and density/spacing), rather than to the
more traditional objective of being a set distance away
from the roughness elements. Oke (2006b) provides

AUGUST 2013 BAMS | I167
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a detailed recommendation for locating
instruments, primarily for those within
the UCL, and for calculating source areas.
v o v onx << << There continues to be a need for more
developments in source area modeling
for use within the UCL and above that
are applicable beyond neutral conditions.

Given the dynamic nature of urban
areas, the site metadata should also include
maps, photographs, aerial photography,
sketches, geographic information, site
descriptions, and maintenance logs at
regular intervals. Site or station meta-
data require local scale and microscale
site surveys. Currently, approximate
and arbitrary areas of 500 m x 500 m

i and 50 m x 50 m, centered on the sen-
% sor site, are designated for conducting
E the local-scale and microscale surveys,
o respectively, since it has been found that
g on average the source area for a screen-
E height temperature sensor in neutrally
£ stable atmosphere is no more than a few
g hundred meters (Tanner 1963; Mizuno

et al. 1990/1991; Runnalls and Oke 2006;
Stewart and Oke 2012). However, since
the precise domain (size, shape, orienta-
tion) of these source areas does vary with
meteorological conditions, stability, and
the temporal resolution being investigated,
conducting source-area analyses using a
footprint model (e.g., Kljun et al. 2002;
Schmid 2002) would be ideal and may be
required for certain UMN applications.
Stewart and Oke (2012) discuss this in
more detail and provide a good illustration
in Fig. 5 of their paper.

Site surveys will examine the structure
of the area (building types, materials
and mean heights, roof types, mean tree
heights, distance between buildings, etc.),
urban cover (e.g., built up, vegetated,
water, soil), urban fabric (e.g., road, wall
materials), and urban metabolism (e.g.,
anthropogenic activities, anomalous and
typical heat, water and pollutants, traffic

Site classification, based on classificat

* Photograph of the station locations
* Photos from cardinal directions of instrument

* Fisheye photo (to calculate SVF)

* Panoramic photo
tions, corrections, cleaning, mowing, instrument relocations (Note: if instrument is moved, then a new station number or updated

Routing maintenance log [i.e., station inspection, equipment inspection, instrument checks, recalibrations, replacements, malfunc-
metadata with version number is required)]—part of QA/QC procedures in (d) in Fig. 2

Davenport roughness class for terrain roughness (Davenport et al. 2000)

Local climate zones (Stewart and Oke 2009, 2012)

Photographs (winter AND summer)
Urban climate zones (Oke 2004)
Urban terrain zones (Ellefsen 1991)

Dates of instrument relocation

=
2
N
=
=~
(%]
(7]
0
(a]

2 Information kept private for network managers/technicians only—not supplied as metadata to end user.

® Please see supplemental material, e.g., UMN station metadata documentation template.

< See Table 5 for overview of classification schemes.

o - density) at the respective scales (Oke
: . . .

£ g 2 2006a). Tracking disturbances in the area

o= w P . .
c g o (e.g., from roadwork and construction) is

O o % S o . ¢ important but may be difficult at many
; = £ o . . . . -

; -‘-‘: _g g 5 ; E g L sites. With the increasing availability
@ I g £ 2 2 0 £ NN NS of lidar datasets, digital surface models

B s 2 QO 9]
= | = »n U o o £ X s R BA

(DSMs), and aerial imagery, the local
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and microscale 3D morphological influences can
now be readily identified (e.g., Kidd and Chapman
2012). Additional site surveys provide key additional
information about vegetation, materials, and nearby
activities (e.g., vehicle parking, vent locations) relative
to the instruments. The microenvironmental factors
(building types, materials, heights, distance between
buildings, roof types, tree heights, surface material,
traffic density, heat/moisture vents, etc.) include
creating sketch maps (radiation horizon, site sketch
map), taking numerous photographs of the site (e.g.,
location, cardinal directions, panoramic, and hemi-
spherical), documenting location information (e.g.,
latitude, longitude, elevation), and other factors [sky
view factor (SVF), aspect ratio, heights of sensors,
etc.]. Since instruments can be placed at different
locations within a site (e.g., on masts and rooftops,
at more open locations, in different enclosures),
different microscale surveys are required for each
instrument enclosure.

Standardized site information is needed so data
users are aware of site variations, since they rarely
have the luxury of being able to visit each station
across a network (Oke 2006b). If adequate metadata
are available, then this should not create limitations
for end users. Indeed, the majority of urban heat
island studies fail to communicate the physical
nature of the surfaces surrounding the instruments
(Stewart 2011). To characterize urban locations
for meteorological and climatological purposes, a
number of schemes have been proposed (e.g., Table 5).
However, no standard presently exists (Basara et al.
2010) and the current schemes may not be interna-
tionally applicable or definitive, as sites may fall into
more than one category. It is therefore important
that generalized and/or customized classification
techniques implemented for interpreting results be
documented and the assigned type reported for all
sites. Critical details that should be documented
include the area used for classification (e.g., 100 m?,
500 m?, 2 km?), the source of data (e.g., year, aerial
photos, ground surveys), and the assumptions (e.g.,
dominant, weighted average) for repeatability and
consistency. The complete station history (mainte-
nance logs, metadata updates) is also essential, so
instrumental and site changes can be distinguished,
and will include dates and details of any changes;
interruptions; inspection visits; and comments about
the exposure, quality of observations, changes to the
site, and operations (WMO 2011).

While many aspects of this UMNP are designed
to aid with the collection of high-quality data and
to assist the end user with data analysis (QA/QC,

AMERICAN METEOROLOGICAL SOCIETY

station metadata, representativeness, etc.), there are
other aspects specifically to assist network owners,
managers, and technicians, since it is also important
to provide guidance for the implementation and
running of an UMN to ensure that networks are
efficiently established. Therefore, additional elements
are required for sites that form part of an UMN—for
example, information about the local communica-
tions network or local node that is being used to trans-
mit the data [this will vary for each UMN and depend
on the type of information required; however; e.g., it
may include network type, encryptions, passwords,
etc., which are also part of the “network operations”
component (see “Network operations metadata”
section)] and the relevant contact details [e.g., if a
school site is used, then it might be useful to have
liaison details for information and communications
technology (ICT) staff]. Furthermore, since access
to different elements of the metadata will vary, it is
expected that some of the metadata are stored in an
encrypted format and not released to most end users
(e.g., passwords, network information, personal
details, and other details to comply with data pro-
tection laws). Thus, only the portion of the metadata
regarded as useful to the end user would be initially
provided with the data. This would be managed by
the UMN data manager or technician.

Aguilar et al. (2003) and Oke (2004, 2006a)
provide templates for collecting the minimum in-
formation necessary for individual urban stations.
Based on these, an adaptable UMNP station meta-
data template (see supplementary material at http://
dx.doi.org/10.1175/BAMS-D-12-00096.2, along
with a completed example) has been developed with
additional elements included (e.g., information on
the communication network, contacts, instrumen-
tation, type of site). Collection of these metadata in
the field should typically take no more than 30 min,
with some additional time required (prior to and
postfield collection) using Internet-based resources
(such as Google Earth, GIS, satellite datasets, etc.) to
explore the local area (to determine land classifica-
tions, Davenport roughness class, land cover, etc.)
and to collate additional logistical and instrumental
data. The aim of this template is to facilitate the
regular update of station metadata in order to assess
any changes occurring at the sites, which can then
be used in conjunction with the detailed account
of the station history (whether equipment has been
moved, replaced, etc.). It is expected that individual
UMNs will need to adapt the form for their specific
needs—for example, not all fields may be required
and/or additional fields may be necessary. However,

AUGUST 2013 BAIS | 173


http://dx.doi.org/10.1175/BAMS-D-12-00096.2
http://dx.doi.org/10.1175/BAMS-D-12-00096.2

juasaud o1 ySnouys 3|inq ‘uaalled
3ulp|Ing paJap.o {suoIed0| paInglasIp A|SpIM asid
wnipaw 031 Mo| (s|ealdsoy ‘sjooyds ‘auswulIsro3

juasaud 01 ydnouya spge| AJJed 3|Inq ‘pawely
pe|2-1y31| tast-ydiy ‘Auaydiiad eaue-ueljjodoszaw

“3°1) [e4n3|nd/2ARBASIUIWPE (s3ulp|ing paydeIaq | 90 e {(A312 491n0) |erdJawwod (s3ulp|ing paydelaq | 82Q

S0S6| Aj4ea 1sod {(sa1103s dAly IIMA-24d Ajasow 3jinq

ueYl J9M3)) 3sl4 MO| {(seadJe 93e.01s uado pue s10| {3514 WNIpPaW 01 MOJ £299.43s Suoje sadeauo.) 320|q

Supyaed 3uiusaumul Aq pasededas s3uip|ing) uasiied (so1401s DAl} UBY) J9MBY) BSI1J MO] ‘BuDdjJed 0 3ul||i} 939]dwod A|[enllIA (219YMdS|d puUB BaJE

uado ‘sjelua14e mau Jofew 3uoje ‘Juswdolarsp £199.3s JJO pajiwli| {s399.43s SullIs [JAAAA-24d Suoje 940D WOJj PJEMINO S|BLISIJE dWOS UO ‘Judwdo|aAsp
uoqquJ ‘[elJawwod ulspouw s3ulpjing paydeisq | soq suoqqJ [eId2JaWWOd J3p|d ‘s8ulp|ing paydeiaq | §2Q uoqquJ [elRJawWwod ts3ulp|ing paydeny | §y

sQz6| 3s0d (as1d moj ¢(seaue 93e.03S ‘10| IIMAA-24d Apsow

3upjaed Aq pajeedas ‘padeds Ajuaas Ajuarey s3ulp|ing) aussaud sy ysnoaya 3inq 3|INQ ‘UOII2NJISUOD PaWE.) PUB SSBW {3SIJ WNIpaw

uJa11ed paUap.o {SuUOEd0| paINGLIISIP A|9PIM (pale] {3511 MOJ| {pale|au >D0p Jo peod|ied ‘uaaized Sulpjing £52BQ19S OU 10 3331] YIIM S3D0|q P3J3P.O UO ‘eae
-a4 >pnay tadeaoas/[elasnpul (s3ulpjing payseiaq | $o0Q Jeaul| ‘adeJols/[eliasnput ‘ulpjing paydelaq | $2Q 240> Jeau ‘a3eJ03s/[elasnpul (s3ulp|ing paydeny | v

juasaud o3 juasaud ay3 y3nouya 3jing IIMAA-24d Aj3sow ‘sa1103s

y3nouya 1jInq {SUONEIO| PIINQGLIISIP A|SPIM (BSLI MO| {suonedo| paInqliasip A|9pim a3eiuod) 520|q aJow INOJ UBY) JOMB) ‘BaJE 240D O JUddE[pe sasnoy
ta3eauou) %G/ UeYl SS9| fsasnoy ‘s3ulp|ing paydeisq | g0 pue %G/ ‘sasnoy |enuapisad s3ulp|ing paydeisq | €2 |lem-pa1anqe pue syuswiJede ts3uipjing paydeny | €V

[IAAM JO pu? aya @duls A23.e| 3jinq tasLi-y31y poriad (IIAMAM) 11 1eAA

01 3S14 MO| {SUOIIBIO| PRINQLIISIP A|SPIM ¢3SII Winipaw 3uasaud 03 y3nouya 3jinq {sUONEIO| pl4oAA-24d aya ur Apsow 3jinq Y31y sa1i03s sJow

01 MOJ ‘sa8e3u0.) 320|q %G/ UBYL SS9 ‘SuIsnoYy MO| painqLiasip A|9pim ¢sadeluod) 20|q %G/ < ‘sasnoy Jo Jnoy ‘sadejuouy 320|q jo Suniy 239|dwod ‘eaue
pue syuswiJede [enuapisad ts3uipjing payoeiaq | zog Mmoud/siuawnaede [enuapisad ‘s3ulp|ing payseiaq | 72Q 2400 Jeau ‘sja10y/sausuwnaede (s8ulpjing paydeny | v

1uasaud 01 y3nouya sawil 3531|4eS WO PAIdNIISUOD

IIMA 3s0d £UuoI112NJ3SUOD pawe.) pue SSBW asld MO| 0561 22uls 3jIng ‘pawedy ped-1y3y| {SUOIIDNJIISUOD PAWE.Y PUE SSBW (3SII MO| ‘BB
9402 puofaq ‘su2uad 3uiddoys s3uip|ing payseiaq | |oQ tas14-y31y 92140 |eI2JoWWOod (s3ulp|ing payde1s | 2 | 402 {|Ie1aJ ‘S3D1J0 [BIDISWWOD (SSUIp|Ing paydeny | |V

Z 1N (39s uado) 3uip|inqg paydelaq

Z 1N (39s asod) 3uip|ing paydezaq

Z1N Paydeny

(1661) ussya)|3 woay 71N

s8ulp|ing as14-yS1y pue -MO| JO XIW YIIM SI3U3d K310 < s1308YD) 8
uonerteA 3ydiay 3ulpjing yanw noyam eade dn-3jinq Ajpsusaqg 0l Sulwwips /
s9a.41 Y31y ou pue H/—¢ Jo suoneaedas aAle[a. 18 S3UIP|ING MO| AQ POJA0D A|91BJ9pOW BAIY S0 y3nou Ausp 9
$123[qO pIjOS MO| 10} HZ|—8 JO S9OUBISIp dANE[aJ ' (SBUIp|INg) $3|281SqO paJalleds S0 ysnoy S
HOZ< jo suoneJedas
[B3UOZIIOY DANE|S. 1B (S93.3 JO S3UIP|ING MO| Po1B|OS| “*3°'1) $3]2B1ISQO [BUOISEIIO IIM AJaunod uado Aja1eapol 010 uado A|ysnoy ¥
H say3iay a)peIsqo 0G< Aq paresedss s3|deISqO pare|os| ‘Aemun. 1uodure ‘eapuni ‘ssedd uado Jel4 €00 uadp €
951 9344-38p1J ‘Ysaew ‘uoe1Iadaa 3|qiSISau Yiim pue| 33.44-3]93sqO 5000 Yaoows 14
un| € < Y039y ‘ureld ssajpameay Usrem uadQ 200070 ®ag I
uondiidsap adedspue] (w) °z y38us| ssauysnoy awreu sse|D) ‘ON
ssauy3nou ueq.n Joj uoiyediisse]d (0007) ‘e 3° 310dusareq uo paseq—y3j3ua| ssauy3nou uressaj

*S3WIAY DS UoIedIJIsse]d 33is ueq.n jo sajdwexs g 31av]

1174 | BAMS AUGUST 2013



*a8pd 1xau uo panunuo’)

‘S|elI93BW UO[IINIIS
-UOD SSB|S pUE ‘DUOIS ‘[931S ‘91842U07) "(S93.41 PaJa1Ieds ‘saue|d MO|) J9A0D pue|
0S—0¢ 9—G S/0-€0| 80-50 snolatad jo sduepunqy *(sa14031s g—¢) s3ulp|ing aslipiw jo Juswasuedte usdQ asupiw uado | §-ZD7
‘S|elJ93BW UONONIS
-U0d SSB[3 pUB ‘BUOIS ‘|933S ‘D3194dU07) *(S2341 PaJa3Ieds ‘syue|d Mo|) JSA0D pue|
0v—0¢ 8—/ ST1-S20| £0-S50 snojAJad Jo aduBpUNQY "S31I0IS JO SUd1 03 sSulp|ing |[e3 jo Judwaduedte uadp asu-ydiy uado | 71
*S|ElI9JBW UO[IDNIISUOD DI2.DUOD PUE ‘3|13 HI1Iq ‘Du03§ ‘paaed Ajasow
0S-0T 9 S 1-S20| 90-70 J9A0D pUET 'S33.3 OU 4O M3 *(sa1103s §—|) sSUIp|ING SSLIMO]| JO XIW dsud( asi1 mo| 1oedwo | €77
*S|EII9JBW UO[IDNIISUOD 9J2.DUOD pUE ‘3|13 I1Iq ‘Du03g ‘paAed Ajasow
0S-0¢ /-9 -S.0| 90-€£0 J9A0D pUBT 'S93.3 OU U0 M3 *(S31101S g—¢) SSUIp|INg SSLIPIW JO XIW dsUd(] asupiw edwod | 7-ZD1
S|BLI9JBW UOIIDNJIISUOD SSB|S puUe ‘DUO0IS ‘|993s 93240U07) “paAed Ajasow
09-0% 8 < | vo0-zo0 J9A0D pUET "S23J3 OU 4O M3 "SA1I0IS JO sual 03 sSuIp|Ing |[el JO XIW dsud(] asu-ydiy 3oedwon | [-zD7
uomnoe.j da onea 3oadsy dAS uonluysqg |suoz [ 9pod
9deyans snojadaduw

saJadoud pue sanjea pajeidosse pue ‘suoiydiidsap ||ny ‘sydeaSojoyd ‘says3adys ‘spoyjawi 40} (Z107) O PUE 31BMIIG 33s—SZD]

s9lelsd .m_.t.:wo_ “9'l ‘seade _NLDH_DU_LMN Ele}

01> (s93.3 uo spuadap) 50'0< v [edNJBU Ul SBSNOY Pa.313edS JuaWdO[IASP [BUNIIWDG SUON L
soou1 UG spuada o syaodJre ‘sanisdaAlun ‘sieaidsoy o
0> (soa13 P P) §0-10 G| “o'1adesspue| uado ul sulp|ing 93.4e| Yam asn paxi|y 9eq ’
(s95.2 M |< 03 dn) 9°0—T" Suisnoy uequngns a1 ‘sasnoy A4031s-7 o
59-S¢ PR <o 700 9 | 40 -] Yyaum ‘uequngns A1isusp-mo| padojeAsp-wnIpaly tea s
S9SNOYDJEM ‘SI9IUD
S6—0L 70-S00 Suiddoys “a°1 ‘8upjaed paaed s3uipjing mo| adue| yum | goq ‘yoq ‘1o ¥
S ‘ueqJn Alisusp-wnipaw 4o -mo| ‘padojaasp A|ysiH
3uisnoy uequn 9| ‘syuswiiede
$8-0/ $'1-50 puE s2J03s {S3SNOY 135-3SO0[d ING PaYdEBISP 0 sasnoy | zod ‘S—£2q ‘SV €
/ MOJ Y3IM uequn Alisuap-winipaw padojaaap A|ysiH
2402 £33 pJo “3°l ‘2U0IS 40 XdLiq
G8< S0l 40 U940 ‘s8uIp|ing 395-350|2 AUSA 1O PaYdEIIE ¢SILIOIS 0da yv-1v 4
/ G—7 Yam ueqan A1susp-y3iy padojaasp Ajasuaiu|
saadeadsAjs 30143sIp
06< < SSOUISNQ [e3UD) 3| “SUIPPE|D Yam sBUIp|INg 3sti-y3iy 82A‘I,A |
8 195-950|> Payde1ap YaIm ueqin padojaAap Ajasuaiu|
[(*23° ‘speou ‘syusawaaied ‘s3ulpjinq [Buideds a8euaae ui1syy Aq | DHA suondiidsag Zin | Zon
¢3°1) sacejuns ajqeawaadwi Aq | papIAIp (59343 ‘s3ulp|ing) sjuswid|d ayewixoaddy

P349A0D BaJe 3Y3 jo uoniodoad
a8euaAe] 3jInq 23ejuaduad

ssauy3noJ urew 3y3 jo 3y3ivy
aSeaane — pA /7] onyey 3dadsy

ZDON Y23 Y3im pajerdosse sadewl 40} (y007) 2O 29S—SaWaYds UOIIBDIJISSE|D PIUOIJUW-IA0]E 3Y) UO paseq sasse|d jo 33s payijdwig

AUGUST 2013 BAMS | 175

AMERICAN METEOROLOGICAL SOCIETY



ol>

1'0>

60<

'SUOO3e| PUE ‘SIIOAIDSDI
‘SJ9A1J S YONS SIIPOQ [[BWS IO ‘SH|B| PUB SBIS SE UINS SAIPOq Ja1em uado ‘a3.eT

J91BAA

9-ZO1

ol>

1'0>

60<

24M|Nnd1I3e JO 1J9S3P [BUNIBU S| UONDUNY
auo7z 'siue|d 10O $33J) OU 1O M3 ISAOD PUES O |10S Jo adedspue| ssa|ainlea

pues .o |l0s aJeg

4701

06<

1'0>

60<

‘uonyelaodsuedy ueqJn J4o (3204) 149S3p [ednieU S| UONdUNY
auo7z 'sjue|d 10 $3341 OU 1O M34 U9A0D paAed 4o ¥d0. jo adedspue| ssa|ainIea

paaed .o 204 aueg

371

ol>

y—¢€

1'0>

60<

»aed uequn 1o ‘aumyjnd1i8e ‘puejssedd [eanjeU S| UOIIDUN) dUOZ
'$93.1 OU 4O M4 “19A0D Jue|d snoadequay o sse.s jo adedsspue| ssaja.uniea

siue|d moT

a-zol

0l>

S—¥

0'1-9T0

60<

*a4mynoLse
10 pue|qnJds [BJNIBU S| UOIDUNY BUOZ “(PUES JO |10S 3Jeq) snolalad Ajpsow
J9A0D pueT 's99.41 APOOM ‘1J0Ys pUe sqnJys ‘saysnq jo Juswaduedte uadQ

qnuas ‘ysng

2ZO1

ol>

9-9

SL0—-SC0

8'0-9°0

J4ed ueqJn Jo
‘UOITEAIIND 3343 ‘353404 [BUNIRU S| UONIdUNY dUOZ *(s3ueld moj) snotadad Ajasow
J9A0D pUEBT '$23.1 U93J349AS JO/pUE Snonpidap jo adedspue| papoom AIysi]

S99.3 paJ911Bdg

94-Z01

ol>

0>

"jJed uequn Jo
‘UOI3BAII|ND 9943 ‘35904 [BJNIBU S| UOIIDUNY BUO7Z *(s3ueld moj) snoladad Ajasow
J9A0D pUEBT 'S99.3 UD3.USISAS JO/PUE SNONPIDSP Jo 9dedSpuR| pIPOOM A|IABSH

s93J] asuag

V-ZO1

0¥—0¢T

9-9

S°0-C0

60-9°0

*S|elI9JeW UOIINIISUOD
91940U0D pue ‘[931s ‘|[e33] ‘p>jded puey 4o paAed A[IsOWw JIA0D pueT 's3.3
OU 10 M34 *(S)[DBIS ‘SHUBI ‘SIIMO]) SDUNIDNIIS [BIIISNPUI SSLIPIW PUE ISII-MO"

|eraasnpul AAeaH

01-Z21

0C>

9-9

ST0-1'0

80<

*(s@a41 pasanieds ‘saue|d mo|) 4aA0D pue| snoladad jo sduepunqy
‘8unias [edmieu e ul s3uIp|iNq PazZis-WNIPaW JO [[ews jo Juswadue.e astedg

3inq A3|s.Jeds

67201

05—0%

€0-10

L0<

‘s|et
-91BW UONINIISUOD SUOIS PUB ‘[BISW ‘D194dU0D ‘[9915 "paAed Aj3sow UsA0D pueT
'S99J1 OU 40 M4 *(sa1403s £—|) s3ulp|ing asld-mo| a3.e| jo Juswaduedle usdQ

9514 Mo| 93.e

8-Z01

0c>

S

S°0-C0

‘(lerow
p3e3Nn.102 ‘Yo3eyl ‘pooMm “'§'9) S[BlISIBW UONINIISUOD IySiamaydi] -padoed
pJey Aj3sow J9A0D pueT ‘$a3J) Ou 0 M34 ‘s3ulp|ing A1031s-9|3uls JO XIw asua

9514 mo| 3ySramaydi

L7721

05-0¢

9-9

SL°0-€0

60-90

'S[elJ93BW UOIIdNJIISUOD
919J2U0D ‘313 ‘DUOIS ¥21Uq ‘POOAA “(S99.43 paJs11eds ‘saue|d Mo|) JSA0D pue|
snojAJad jo aduepunqy ‘(sa1403s £—|) sSulp|ing as1u-mo| jo Juswaduede uadQ

asld mo| uadp

9701

uoijoe.y
9dejans snoiAsaduwi]

oNa

onjed 30adsy

dAS

uoniuyaQ

auoz

apod

sany4adoud pue sanjea pajerdosse pue ‘suoiadiidsap [ny ‘sydeaSojoyd ‘saydyads ‘spoyrawi 4o} (Z107) O PUE JIBMIIS 93s—SZD ]

*panuI3uo0) *§ 318V

1176 | BAMS AUGUST 2013



we highlight those elements considered “mandatory”
(e.g., latitude, longitude, elevation, local-scale sketch
map and information, microscale sketch map and
information, and station and cardinal photographs).
Once the metadata have been collected during the ini-
tial installation, they can be input electronically (into
a form and/or a database), used for subsequent visits,
and quickly updated. Indeed, with the recent prolif-
eration of smart devices/tablets, updating can now be
done quickly and directly in the field. Overall, this
would form part of the network QA/QC procedures
(see the “Network operations metadata” section) and
is an essential part of the station metadata to ensure
homogeneity (Aguilar et al. 2003).

Instrumentation metadata. As with existing site pro-
tocols, separate information is mandatory for each
piece of equipment at each site (Table 6), including
information about the instrument itself (e.g., manu-
facturer, model, serial number, installation and
calibration dates, and calibration and testing results;
see also the “Network operations metadata” section).
Operational instrument-specific information about
the communication system will need to be safely
documented (passwords, IP address, MAC address,
etc.—see Table 6 for detailed list).

Some instruments incorporate multiple sensors
(e.g., temperature and humidity) or multiple vari-
ables are obtained (e.g., wind components, virtual
temperature), so additional metadata are required for
each sensor and/or variable. This includes informa-
tion specific to the sensor (height of gauge rim above
ground for precipitation, type and size of screen for
temperature, etc.) in addition to performance char-
acteristics of the sensor (sensitivity, range, etc.) and
data and/or measurement characteristics (sampling
time, averaging periods, etc.).

The representativeness of each measurement or
“instrument exposure” (see “Site metadata” section)
will also need documentation. As highlighted in
Muller et al. (2013), the use of “scale”related terms
can cause confusion when applied to networks, as
information on network and station scales is often
difficult to establish since it is not explicitly stated,
is unclear, or uses inconsistent terminology to define
urban sensor networks. Specifically, this relates to the
distinction between spatial or areal extent of the net-
work, which is often reported as the “network scale”
or “network size” (see “Network metadata” section),
spatial resolution or density of the network (which is
dependent upon the density of individual sensor sites),
and spatial representativeness or scale length of the
individual measurements (which is dependent on the

AMERICAN METEOROLOGICAL SOCIETY

actual location of the instrumentation, measurement
interval, and exposure; Oke 2006a). This “confusion
of scales” has recently been highlighted as a common
flaw in urban climate investigations (Stewart 2011) and
is particularly true of urban networks. For example,
a sensor network may be classified as a “mesoscale
network” since it covers hundreds of square kilometers
consisting of urban, suburban, and rural areas.
However, the representativeness of the individual
sensors or monitoring stations, and the number of
sensors in the network could be classified on very
different scale. Hence, a network areal extent may be
“mesoscale” but the individual measurements could
be more representative of mesoscale, local scale, or
microscale processes. Presently, and in most cases,
UMNs have been defined solely by their spatial extent.
Although information about the number of sensors
and location of sensors is often given, information
about “network density” and “representativeness” of
measurements should be explicitly defined, since it
affects both the application of the network and what
is appropriate with cross network comparisons (Oke
2004, 2006a).

The proposed network-scales UMN classification
scheme is given in Table 7. The areal extent or size,
the spatial density, and the representativeness of
individual monitoring stations within the network
are the key descriptors.

Network operations metadata. Details of network
operation (Table 8) can be broken down into hard-
ware components and cyberinfrastructure, which
includes the data flow from the sensor to initial
analysis, data management, data display, and usage
(Hart and Martinez 2006; Muller et al. 2013). This
consists of computer systems, instrumentation, data
acquisition, data storage systems and repositories,
visualization systems, management services, and
technicians, linked by software and communications
networks (Estrin et al. 2003; Brunt et al. 2007; Muller
et al. 2013).

HARDWARE AND CYBERINFRASTRUCTURE. Documentation
of the hardware assets of a network (e.g., sensors,
loggers, communications, and computers) is impor-
tant not only for reporting purposes but also for keep-
ing track of equipment, especially important for wide-
area deployments. Recorded information should be as
extensive as possible, with make, model, manufactur-
er, serial number, purchase date, and current location
being minimum requirements for hardware in stor-
age. However, for equipment deployed in the field (i.e.,
sensors), much more detailed information is required.

AUGUST 2013 BAMS | 177
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not supplied as metadata to end user.

* Information kept private for network managers/technicians only:

®See Table 7 for proposed definitions of classifications.

¢There will be a specific set of features that need reporting depending upon the specific type of instrument—please refer to WMO guidance for details.

This includes a description
of what the sensor observes
[variable(s)], observation
method (e.g., direct observa-
tion or sampling), observation
frequency/period, performance
characteristics (e.g., resolution,
precision, range, and accu-
racy), calibration information
(e.g., date since last calibra-
tion, method, and calibration
coefficients), and deployment
dates (see Table 8 for a com-
plete list). Records should be
kept throughout the sensor
deployment of any site visits,
problems encountered, changes
around the location, and
routine/nonroutine mainte-
nance. These records not only
provide a history that can be
referred to to highlighting is-
sues encountered, but also form
an important part of network
QA/QC procedures (Fiebrich
et al. 2010).

Dense sensor networks may
be installed to explore spa-
tiotemporal variability across
heterogeneous urban terrain.
However, the reliability of the
observed variability across a
network may be significantly
compromised by observa-
tion errors, and instrument
drift and failure. To minimize
these impacts and to ensure
any observed fluctuations are
credible, a proactive approach
to instrument calibration is rec-
ommended as part of QA/QC
procedures. This approach
requires predeployment (both
in the laboratory and field),
routine site visits (including
onsite testing) and postde-
ployment calibration of each
sensor across the network with
the methods utilized and fre-
quency clearly stated within
the metadata (Shafer et al. 2000;
McPherson et al. 2007; Fiebrich
et al. 2010).
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TasLE 7. Overall UMN scale classification requires all three components to be specified.

Areal extent/size of network

Climate scale Orlanski (1975)

Spatial area (function
of urbanized and

Network covers nonurbanized extent) (km?)

Mesoscale/regional Meso-«a
City Meso-f3
Local/neighborhood Meso-y
Microscale Micro-y, -3, -«

Urban, suburban and rural areas 10%-10*
Whole city 10-103
A neighborhood with similar 10-'-10
urban development

Small areas of neighborhoods 10-¢-10""

(e.g., street canyons)

Spatial density of network

Array classification  To assess

Mean distance between sensors

Coarse array Large-scale variations

Wide array Medium-scale variations
Fine or dense array Small-scale variations

Micro array Microscale variations

>10 km
I km—10 km
100 m—I km
<100 m

Representativeness of individual measurements

Location criteria/siting requirements

Sensor measurements

Scale length representative of Sensors sited to take measurements
Representative of the wider mesoscale region; a single canopy-layer

Mesoscale Climate across the region station cannot adequately represent climate across an urbanized area
(Oke 2004)—scale relevant for boundary layer instrumentation

. Avoid microclimate effects and collect measurements that are

Local scale Climate over the local area )

representative of the local area
) . . o Examine microclimates, e.g., side of building, on roof of building,
Microscale Microscale climate variations

street canyon

A simple review of the manufacturer calibration
certificate should aid assessment of what was used as
the reference instrument and its associated quality.
Calibration against international standards is preferred
but a traceable reference/working standard is accept-
able (WMO 2008). Similarly, in-house calibrations
need to consider the quality of the reference instru-
ment. In-house interinstrument comparisons are criti-
cal prior to and after network deployment. The results
of performance tests, QA/QC procedures, calibration,
intercomparisons, research, processing, management
techniques, and technical specifications should be
made available and easily obtainable through peer-
reviewed literature, conference papers, presentation,
technical notes, and end-user guides using standard-
ized terms (e.g., metadata, scales) (McGuirk and May
2003; Oke 2006b; Stewart 2011).

Cyberinfrastructure elements include network
communications (e.g., wireless sensor node topology,
mode of transmission, frequency of transmission),
equipment and data processing techniques (which
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are critical prior to and after data collection), dataset
information (e.g., data formats, measurement
units, time formats, processing levels, calibration
coefficients, constants), data management (e.g.,
QA/QC, error reporting, missing data flags, filtering,
algorithms, programming language/software), and
data storage (e.g., servers and storage media used, data
backup, where archived, how to access).

REPORTING, AND COMMUNICATION AND INFORMATION
DISSEMINATION. Entire network-level metadata will
require regular updates and need to be easily obtain-
able in electronic form via appropriate inventories
and catalogues (WMO 2011). The entire network
metadata will be encoded, stored, and distributed:
with the data itself as an accompanying text file [e.g.,
comma-separated values (CSV) file] or database
{e.g., online using My Sequel (MySQL), Oracle,
PostgreSQL, or as attribute data contained within
the data file itself [e.g., network Common Data Form
(netCDEF), hierarchical data format (HDF), gridded
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binary (GRIB), and binary universal form for the rep-
resentation of meteorological data (BUFR) to list but
a few but many other acceptable formats]}. Encoding
methods such as extensible markup language (XML)
provide alogical choice of format for this purpose and
are already recommended by WMO as the standard
method. However, XML variants are perhaps better
suited to documenting the geographic component of
UMN?’s because of their capabilities of providing a
visualization of the metadata [e.g., geography markup
language (GML) or keyhole markup language (KML);
Open Geospatial Consortium 2012].

Overall, dataset metadata need to adhere to the
relevant “schemas” for the chosen encoding method(s)
that provide(s) the “structure” for describing digital
geographic datasets (e.g., WMO Core Metadata Profile
and the ISO19100 series, especially the ISO19115
geographical metadata standard and/or the ISO19136
GML metadata standard). These schemas explic-
itly define metadata elements and structures while
establishing a common set of metadata terminology,
definitions, and extension procedures for reporting.
The network metadata directory (Table 8) includes the
universal information required for inclusion in any of
the aforementioned metadata-encoding mechanisms.

CONCLUSIONS. This first effort to create a stan-
dardized metadata protocol for UMNs draws upon
recommendations from a range of sources to regular-
ize UMN data (and improve compatibility with other
nonmeteorological UMNSs). The goal is to standardize
UMN metadata based on best practices, personal
experiences, and official recommendations. It is
particularly clear that standardized terms, specific
site classification techniques, and an urban network
classification scheme would be of benefit to network
implementers and end users alike. With implementa-
tions and discussion, the urban meteorological com-
munity will hopefully arrive at a consensus that is
appropriate for current technologies, including more
detailed requirements (e.g., variable-specific QA/QC
procedures). The intent of this paper is to promote
further discussions to facilitate this process.
Long-term, baseline datasets obtained from UMNs
are required for a broad spectrum of applications, but
the datasets need to be high quality and reliable in
order to ensure accurate usage, thus furthering our un-
derstanding of increasingly important urban environ-
ments. It is acknowledged that it is difficult to ensure
guidelines are universally adhered to (Stewart 2011);
however, the publication of such protocols significantly
increases the likelihood of adoption and is essential to
further the understanding of the urban climate.
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