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ABSTRACT

The National Oceanic and Atmospheric Administration (NOAA) has operated a network of Fischer &

Porter gauges providing hourly and subhourly precipitation observations as part of the U.S. Cooperative

Observer Program since the middle of the twentieth century. A transition from punched paper recording to

digital recording was completed by NOAA’s National Weather Service in 2013. Subsequently, NOAA’s

National Centers for Environmental Information (NCEI) upgraded its quality assurance and data steward-

ship processes to accommodate the new digital record, better assure the quality of the data, and improve the

timeliness by which hourly precipitation observations are made available to the user community. Automated

methods for removing noise, detecting diurnal variations, and identifying malfunctioning gauges are de-

scribed along with quality control algorithms that are applied on hourly and daily time scales. The quality

of the hourly observations during the digital era is verified by comparison with hourly observations from the

U.S. Climate Reference Network and summary of the day precipitation totals from the Global Historical

Climatology Network dataset.

1. Introduction

From 1901 through 2018, average annual precipitation

for the contiguous United States increased 7.6% (NCEI

2019). The frequency of heavy precipitation events

also increased, in part due to the greater water-holding

capacity of the atmosphere, which is attributable to

warming global temperatures (Trenberth et al. 2003).

Such an understanding of U.S. trends in precipitation

relies on the collection of data from a variety of ob-

servational networks, some of which are operated by

the National Oceanic and Atmospheric Administration

(NOAA). The largest and longest-lived network in the

United States is the NOAA National Weather Service

(NWS) Cooperative Observer Program (COOP) net-

work. This network, which began in 1895, consists of

8143 stations as of July 2019, supported largely by vol-

unteer observers who use 8-in. precipitation gauges to

make once-a-day observations of precipitation collected

over the previous 24 h. [These data are available as

part of the Global Historical Climatology Network–

Daily (GHCNd) dataset; https://www.ncdc.noaa.gov/

ghcn-daily-description.]

A small but significant subset of the COOP network

also provides precipitation observations on temporal

scales less than one day (e.g., hourly and subhourly).

Composed of a subnetwork of more than 1900 Fischer &

Porter (F&P) precipitation gauges, these are the pri-

mary source of observations for the COOP Hourly

Precipitation Dataset (C-HPD) produced by NOAA’s

National Centers for Environmental Information (NCEI).

This dataset provides observations of hourly and 15-min

precipitation amounts (rainwater and melted snow and

ice) from the mid-1900s to present. In addition to sup-

porting studies of climate variability and change (Hayhoe

et al. 2018), the lengthy record of this network can be used

to characterize the nature of precipitation rates and ex-

tremes at a variety of time intervals. Combined with its

relatively high spatial density, the C-HPD provides an

important source of data for many hydrometeorologicalCorresponding author: Jay Lawrimore, jay.lawrimore@noaa.gov
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applications, supporting water resource decision makers

(Raff et al. 2013), infrastructure engineering (NCHRP

2012), and flash flood guidance for weather forecasting

(Clark et al. 2014), among many uses. It is important to

note that this network complements many other ob-

servational networks recording precipitation, such as

the Community Collaborative Rain, Hail and Snow

Network (CoCoRaHS) and state and regional meso-

nets, that provide denser coverage and in some cases

observations as often as every 5min.

Throughout much of its lifetime the F&P gauges

recorded precipitation through mechanical conversion

of the weight of liquid collected in the instrument bucket

to a punched paper tape record of the depth of precip-

itation every 15min. In 2005, the NWS began upgrading

the F&P stations by replacing the paper tapemechanism

with a digital recorder (U.S. Department of Commerce

2005). The upgrade, designated as the F&P Upgrade

(FPU) when it was first initiated, and later as the F&P

Rebuild (FPR), aimed to improve the quality and com-

pleteness of hourly precipitation observations while re-

ducing maintenance costs. As a replacement for paper

tape, which are subject to tearing, deterioration, and be-

ing expended between site visits, the upgrade introduced

digital recording via a datalogger.

Accompanying this transition to digital recording are

new data acquisition, integration, and quality control

processes developed at NCEI. This new approach fea-

tures a change from a largely manual review and edit

process to a fully automated system that removes the

subjectivity that was previously required for quality

control and processing. The conversion from paper to

digital recording along with development of an objective

quality control process is aimed at greatly improving the

quality of the C-HPD data, which are available from

NCEI as version 2 of the C-HPD. A description of the

automated processing and quality control system is pro-

vided in the following sections which are organized as

follows: section 2 describes the data sources, and section 3

provides a summary of data acquisition and the process of

converting gauge depths to incremental precipitation to-

tals. The quality control of hourly precipitation totals is

described in section 4, section 5 contains an evaluation of

the data, and conclusions are provided in section 6.

2. Data sources

Stations in the C-HPD network record the depth of

precipitation in the gauge every 15min. The network

originally consisted of several different weighing rain

gauge instruments before F&P gauges became the

standard. Automated measurements recorded on paper

tape were phased into the network in the early 1960s

(Wilson et al. 2010). The locations of the HPD stations

operating in 2019 are shown in Fig. 1. The number of

stations operating each month during the period of re-

cord in the legacy and digital era are shown in Fig. 2.

Note that in 2019 there were no C-HPD stations oper-

ating in the states of Massachusetts and Rhode Island,

and only one station in New Jersey and Delaware. The

distribution of stations in the C-HPD network is based

on a number of factors such as the availability of data from

stations in other complementary observing networks.

a. Legacy punched paper data

Until the conversion to digital recording, data col-

lection required removal and replacement of paper

tapes each month by a trained observer. The tapes were

packaged by the respective Weather Forecast Office

(WFO) and sent to NCEI or a contract-managed pro-

cessing facility. Precipitation data were extracted by

running the tapes through a MITRON punched paper

tape reader which converted the observations into a

digital precipitation record of gauge depth at 15-min

increments (Hammer and Reek 1997). The gauge

depths were subsequently converted to 15-min pre-

cipitation amounts and summed into hourly totals as

part of operational processing at NCEI. Stewardship

and access of the hourly and 15-min observations were

provided through datasets designated as DSI-3240 and

DSI-3260, respectively.

The legacy data from the DSI-3240 (NCDC 2003) is

retained for the HPD stations converted to digital re-

cording and merged with the record produced from the

digital gauge depth observations to produce a C-HPD

dataset that spans the full period of record from the

1940s to present. The data processing described in

section 3 and following sections pertain only to data

collected during the digital era. However, because the

quality control flags of the legacy DSI-3240 dataset are

retained in the merged version 2 dataset, a short de-

scription of those checks is included in section 4g.

b. Digital recording

The punched paper recording device provided a half-

century record of precipitation across the United States.

However, observations recorded on the punched paper

tape were subject to loss due to tearing, deterioration,

and the tape being expended between site visits. As

aging equipment became more difficult to maintain, and

with better technologies available, the NWS began the

upgrade and replacement of the legacy equipment in

2005 (U.S. Department of Commerce 2005).

The upgrades took place in a series of deploy-

ments beginning with approximately 250 stations des-

ignated as F&P Upgrade (FPU). This was followed by
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deployment of F&P Rebuild (FPR) equipment desig-

nated FPR-D and FPR-E, provided by Sutron Corp.,

and Coastal Environmental Systems, Inc., respectively.

(The FPU equipment was subsequently replaced with

FPR-D or FPR-E equipment before the end of the

upgrade project.) The last stations were converted to

digital recording in 2014 and as of October 2019 there

are 1961 digital recording stations in the version 2

inventory.

The various designations (FPU, FPR-D, and FPR-E)

reflect different vendor-specific equipment. Although

there are some differences between vendors, all equip-

ment provides a digital record of 15-min gauge depths

recorded on dataloggers at each site. Collection and

dissemination of the data is made possible when the

COOP site observer accesses the FPR and downloads

the data to a portable memory device and subsequently

transfers the data to a WFO workstation in the respec-

tive forecast area (FA). The data files for all stations in

the WFO FA are subsequently bundled into a Windows

zip file and transferred to NCEI. Data downloads are

accomplished monthly at most stations, are relatively

simple to perform, and procedures for submitting the

data files to NCEI have proven robust.

Each zip file contains a set of files containing 15-min

gauge depths for each F&P station in ASCII format.

Automated processing at NCEI includes ingest, archive

of each zip file as it is received, and subsequent parsing

and downstream quality control. An automated review

of each station file is made to identify problems associ-

ated with filename conventions and data corruption so

that feedback can be provided to the NWS WFOs. This

is described in more detail in section 3.

c. Other F&P stations

Approximately 200 F&P stations were not designated

for inclusion in the digital recording upgrade project.

More than half of these stations continue to operate, but

were not included in the initial release of C-HPD ver-

sion 2. These include 120–130 stations that are trans-

mitted hourly via satellite or telephone telemetry and

collected as part of the NWS Hydrometeorological

Acquisition Data System (HADS). These stations were

specially outfitted with telemetry capabilities in order to

support precipitation forecasting and warning activities

for theNWS, theU.S. ArmyCorps of Engineers, and the

FIG. 1. The location of each F&P station operating in 2019 and the period of record length

(years) as indicated by the color.

FIG. 2. The number of operating stations in the C-HPD network

from 1940 through December 2019; total number of stations (red),

number of legacy (punch paper recording) stations (green), num-

ber of stations converted to digital recording (blue).
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U.S. Geological Survey. An additional 30–40 stations

that were not part of the upgrade project are transcribed

from the punched paper tape at some WFO offices and

sent to NCEI each month via NWS Form 79-IDs. Future

plans include the addition of these stations to the

C-HPD dataset.

d. Local climatological data

Formany years the F&Pdata in theHPDdataset were

augmented by approximately 270 stations operating at

major airports and NWS offices. These stations consisted

primarily of manual observations of hourly precipitation

totals until the Automated Surface Observing System

(ASOS)was deployed in themid-1990s (NationalResearch

Council 2012). The hourly precipitation totals from

these stations were processed and quality controlled

primarily as part of NCEI’s Local Climatological Data

(LCD) program, but they also were merged with hourly

precipitation totals from the F&P network to improve

the spatial coverage of hourly observations in the legacy

DSI-3240 dataset. There are nowmore than 900 stations in

theASOS network and thousandsmore in theAutomated

Weather Observing System (AWOS) network as well as

thousands more in other networks. No ASOS or AWOS

stations are now included as part of the C-HPD version 2

dataset. Rather, there are ongoing parallel efforts at NCEI

to incorporate C-HPD data along with these and other

networks into a single integrated hourly dataset which will

be released in the future.

3. Preprocessing, filtering, and conversion of
15-min gauge depth data

Data processing begins with acquisition and pre-

processing steps, followed by filtering and conversion

of the gauge depths to incremental precipitation, then

quality control, and data output. Following each site

visit and consolidation of the files within the forecast

area, the responsible WFO transfers a single zip file to

NCEI via ftp, typically within the first two to threeweeks

of each month.

When data arrive a check is performed to confirm the

files are successfully unzipped, the filenames and date

ranges are valid, and the data are correctly formatted.

Any data duplicated with previous transmissions is re-

moved. The status of processing is written to a log file

that is made available to each WFO for confirmation

that their data were successfully processed at NCEI or to

determine the source of any problem that needs to be

resolved.

This is followed by several steps involving the filtering

and conversion of gauge depths to 15-min precipitation

amounts as described below. Four filtering and processing

steps are performed in converting the gauge depth

values to 15-min precipitation totals, which are then

summed to hourly amounts (Fig. 3).

Changes in gauge depth that are not associated with

precipitation can occur for a variety of factors as well as

variations in the sensitivity of gauge measurements as-

sociated with differing levels of attention given to in-

strument maintenance across the network. To distinguish

changes in gauge depth resulting from precipitation from

other factors, a series of thresholds were evaluated across

hundreds of station-months to determine the optimum

values. These thresholds are reflected in processing for

missing observations, high-frequency noise, diurnal fluc-

tuations, and malfunctioning gauges as described below.

a. Handling missing observations

It is not uncommon to find instances of one or more

missing 15-min gauge depth measurements in a monthly

HPD file. When producing the monthly series of incre-

mental changes in gauge depth we replace periods of

missing observations with estimated values if the period

of missing data is less than one day. The gauge depths at

the start and end of eachmissing period are compared to

determine if infilling is possible. In instances when the

gauge depth values are identical before and after the

missing period, the missing period of 15-min values is

filled with increments of zero. If the difference between

the beginning and end of the missing period is less than

or equal to 0.51mm (0.02 in.), the missing values are

replaced with the average of the incremental change in

gauge depth values. This is applied to missing segments

of three or more values. Otherwise the values remain

missing. In only a small number of cases (;1% of all

observations) is it not possible to fill in a missing value

because the difference between gauge depths before and

after the missing period is too large.

b. Removal of high-frequency noise

High-frequency, low-amplitude noise is a common

issue with the F&P instruments. This can occur due to

factors associated with equipment age and the level of

maintenance for a station as well as natural and man-

made influences such as fluctuations associated with

moderate to high wind speeds, small earthquakes, and

the passage of nearby rail traffic. Small negative and

positive changes [less than60.76mm (0.03 in.)] in gauge

depth that occur in the absence of precipitation are

removed by locating offsetting negative and positive

oscillations.

c. Removal of diurnal fluctuations

Diurnal fluctuations of bucket values unrelated to

precipitation are present in almost all F&P gauges with
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varying degrees of amplitude depending on mainte-

nance procedures and climate zone. We have observed

that diurnal fluctuations are typically manifested by

a slow increase in reported gauge depth, apparently in

response to rising temperatures that typically occur

throughout the day.

This procedure to remove the effects of diurnal fluc-

tuations begins by summing the incremental changes in

FIG. 3. Data flow diagram of the C-HPD ingest and quality control process. This consists of fourmajor parts: data

ingest and integrity checks, 15-min gauge depth filtering, conversion to hourly period of record data, and quality

control of the hourly precipitation totals.
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gauge depth in order to compute the cumulative pre-

cipitation (CP) totals throughout the month. The dif-

ferences between the smallest and largest CP values for

each day of the month (i.e., daily amplitude) are deter-

mined, then the 10th percentile of these daily amplitudes

is computed. Most 24-h changes in gauge depth caused

by precipitation are larger than diurnal cycles of gauge

depth on dry days. Therefore, a day is determined to be

dry if the difference between the current day and pre-

vious day’s lowest CP is less than the 10th percentile and

the difference between the current day and previous

day’s highest CP is less than the 10th percentile. Days

identified as dry have each 15-min increment set to

zero; otherwise, the 15-min incremental values remain

unchanged.

An example of diurnal fluctuations is shown for

Canyon Dam, Texas, from April 2013 (Fig. 4a). The

incremental changes in gauge depth during the early

days of the month moved steadily and without much

diurnal noise, which was detected and set to zero; the

values after 20 April were noisy for other reasons and

were flagged as described in the next section.

d. Detection of malfunctioning gauges

Large fluctuations unrelated to precipitation can oc-

cur due to malfunctions in the gauge. Algorithms are

used to identify these periods, to flag observations as

invalid when necessary, and to preserve as much of the

record of precipitation as possible. The checks are per-

formed within 24-h blocks (0000–2359 LST). Days are

invalidated when gauge depth oscillations are greater

than 60.76mm (0.03 in.) or spikes exceed 20.3mm

(0.8 in.). Figure 4 provides an example of an instrument

malfunction that occurred from 20 April to 3 May 2013

for the station in Canyon Dam, Texas. This station was

operating nominally until a malfunction occurred on

20 April. Data during this period were invalidated and

the hourly observations set to missing.

At the conclusion of the gauge depth filtering process

the four 15-min values are summed across each hour to

FIG. 4. Example of (a) diurnal variations in gauge depth values for station Canyon Dam,

Texas (COOP ID 411429), during April–May 2013. Large fluctuations began suddenly on

20 Apr and ended on 3 May. Small diurnal fluctuations are visible before and after this period;

these fluctuations are identified and the gauge depth incremental changes set to zero

except during periods of precipitation. Routine gauge emptying occurred on 21 May. (b) The

measured accumulation of precipitation during the period of functioning instrumentation is

also shown.
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compute hourly precipitation amounts. Any hour with

one or more missing 15-min totals is set to missing.

Additional quality control is performed on the hourly

totals as described in the next section.

4. Quality control of hourly precipitation totals

Before the quality control algorithms are applied, the

hourly precipitation from the C-HPD digital era (gen-

erally 2005 to present) are combined with historical data

from NCEI’s DSI-3240 dataset. The DSI-3240 dataset

contains hourly precipitation through December 2013,

which includes any data from stations converted to

digital recording beginning in 2005. In the C-HPD

dataset, hourly values derived from the 15-min gauge

depth values of the digital era using the processes de-

scribed in this article take precedence over the hourly

data sourced from DSI-3240.

The combined hourly record is subjected to a set of

four automated quality control algorithms. An additional

quality control check is performed at the daily time scale

using sums of the 24-hourly totals. Although theDSI-3240

hourly values were quality controlled when the data were

first collected and processed (section 4g), the new auto-

mated hourly quality control checks are applied to the full

period of record, providing the added benefit of an addi-

tional layer of quality assurance to the DSI-3240 era.

The quality control process is based on a model

established by Durre et al. (2008) and first applied in

development of quality assurance processes for NCEI’s

GHCNd data (Menne et al. 2012). The strategy involves

complete automation using a quality control system in

which data are analyzed consistently and objectively.

Manual intervention is used prior to the implementation

of the quality control algorithms to identify and validate

the thresholds used in the system’s decision making. For

each potential threshold value an empirical assessment

of random samples of flagged values is conducted to

select the best threshold based on flag rate, false positive

rate, types of errors detected, and the conditions under

which errors might not be identified.

Advantages to this method include the removal of

the subjective component of operational quality control

using a consistent set of checks throughout the period of

record. Most importantly, the ability to process the entire

period of recordmakes it possible to apply quality control

retrospectively as new methods are developed and to do

so in a consistent manner throughout the life of the data.

a. U.S. extreme exceedance (hourly)

The greatest all-time hourly precipitation total in

the United States (and globally) was recorded in Holt,

Missouri, located in the U.S. Central Plains north of

Kansas City, Missouri. This is a region often subject to

severe storms produced by a variety of systems including

cold fronts, squall lines, and arctic fronts (Locatelli and

Hobbs 1995). On 22 June 1947 a very intense small-area

rainstorm associated with local intensification ahead of a

surface cold front produced a total of 304.8mm (12.0 in.)

of rainfall during a 42-min period. This total was esti-

mated by a bucket survey conducted by the U.S. Army

Corps of Engineers (Lott 1954). This U.S. and global

hourly rainfall record is used as the upper limit of valid

hourly observations in the C-HPD dataset. Any hourly

observation exceeding this amount is flagged as invalid

as the first step in the quality control process. If an ex-

treme event of similar or greater magnitude were to

produce a valid hourly total exceeding this amount it

would be reviewed and corrected through the Datzilla

process (section 4f).

b. State extreme exceedance (daily)

In addition to the hourly extreme check described

above, a second extremes check is performed on the

daily time scale using records maintained by NOAA’s

State Climate Extremes Committee (SCEC; https://

www.ncdc.noaa.gov/extremes/scec/records). These rec-

ords provide the all-time highest precipitation recorded

over a 24-h period in each of the 50 U.S. states. They

serve as a valuable indicator of data quality since their

accuracy is evaluated and verified through the SCEC.

This check is performed after summing the C-HPD

hourly totals for each day (0000–2359 LST) for every

C-HPD station. The daily totals for each station are

compared to the record 24-h totals for the respective state.

For any daily total found to exceed the statewide record,

all hourly observations for the day are invalidated.

c. Streak check

This is the first of three checks based on the quality

control algorithms first developed for the GHCNd dataset

(Durre et al. 2010). A streak is a sequence of the same

value occurring consecutively for an extended period of

time that would be implausible to occur, although the in-

dividual values may lie within the climatological distribu-

tion of data values for the station. The minimum number

of values that constitute an implausibly long streak was

determined based on a series of evaluations of various

thresholds to identify those that would support reliable

detection of such streaks while not resulting in a high rate

of false positives. In evaluating streaks of precipitation,

missing and zero hourly totals are ignored. A streak of 20

or more identical nonzero hourly totals less than or equal

to 7.6mm (0.30 in.) results in all values being flagged as

invalid. For heavy precipitation ($7.6mm; 0.30 in.), values

are flagged for streaks of five or more identical nonzero
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hourly totals. An example of a streak of 12 consecu-

tive hourly values of 25.4mm (1.0 in.) recorded 11–13

October 1980 at Yaquina Bay, Oregon, is shown in

Fig. 5. Contained within the streak is an hourly value

of 50.8mm (2.0 in.) that was previously flagged invalid

as an extreme value as part of the legacy quality control

(section 4g) and thus is considered a missing value when

evaluating the series for streaks.

d. Gap check

The gap check examines the frequency distribution of

hourly observations to identify values in the distribution’s

tail when the tail is unrealistically separated from the re-

mainder of the distribution. The gap threshold, or maxi-

mumallowable separation of the tail from the remainder of

the distribution, is independent of station location and time.

The distribution of hourly precipitation totals is com-

puted within 31-day moving windows for each station.

These moving windows are overlapping so that each

consists of 31-day periods computed beginning with day 1

through day 31, then day 2 through day 32, etc. Each of

these periods contains data throughout the station’s pe-

riod of record for the respective 31-day period. Within

each period hourly totals are sorted from smallest to

largest, and the differences between consecutive values

are then calculated. Any hourly values separated bymore

than a gap threshold of 31.75mm (1.25 in.) from the next

closest value are identified and all values on the upper

side of the gap are flagged as invalid. The threshold was

determined using the method of Durre et al. (2010) as

noted above.A value flagged by the gap check is shown in

Fig. 6 for Spring Branch, Texas.

e. Climatological outlier

The climatological outlier check is applied to identify

hourly observations that are so far outside the climatological

FIG. 5. Example of hourly values of 25.4mm (1.0 in.) flagged as

invalid by the streak check for USC00359581, YaquinaBay,Oregon,

on 11–13 Oct 1980. An extreme value previously flagged and re-

moved by the legacy extreme check [50.8mm (2.0 in.)] also is shown.

FIG. 6. Example of a single hourly value flagged as invalid by the gap check (red) for

USC00418544 Spring Branch, Texas on 29 Sep 2013. Note that the value does not exceed the

threshold (7 3 95th percentile) for a climatological outlier (section 4e).
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distribution of the station’s period of record as to very

likely be invalid. This is a percentile-based outlier

check that flags precipitation totals that exceed 7 times

the corresponding climatological 95th percentile for the

calendar day on which the total was observed. The

percentile is computed from nonzero hourly totals ob-

served during all available years and within a 31-day

window centered on the calendar day of the observation.

An outlier recorded on 7 April 2007 for Pulaski, Virginia,

is shown in Fig. 7.

f. Expert analysis (Datzilla)

Following quality control, all nonmissing observations

are either unflagged (i.e., valid) or they are flagged to

indicate the quality control check under which the ob-

servation was determined to be invalid. If the quality of

any observation is subsequently found to be different

than that classified by the automated quality control

process, an exception can be made and documented

through NCEI’s Datzilla system (Shein 2008).

For valid observations later determined to be erro-

neously flagged by automated algorithms (false posi-

tives), a Datzilla override is applied to ensure the value

is not flagged during the quality control process de-

scribed above. Conversely, for unflagged observations

that are found to be invalid through other corroborating

evidence, a quality control flag is appended to invalidate

the values. The flags set through the Datzilla process

take precedence over all other quality control checks.

During the quality control process, the Datzilla flags are

set before the automated checks are performed (Fig. 3).

Datzilla is a web-based system used by NOAA staff to

document all information associated with the suspected

data quality issue, all steps taken to investigate the issue,

and any actions taken to correct the error. All support-

ing materials are also included. This includes specific

verifiable information such as that provided by a local

expert who witnessed the extreme event or has other

evidence to support the change in quality. All informa-

tion related to the event in question and the evidence

which supports a change to a quality indicator is docu-

mented in the Datzilla system and a corresponding

source flag appended to the observation.

g. Legacy checks

Quality control flags from the legacyDSI-3240 dataset

are retained in version 2 in order to preserve the his-

torical data quality information. The quality control

process for the legacy dataset was a manually inten-

sive process requiring a series of decisions by trained

meteorological technicians. Because of the lack of full

automation, when new quality control processes were

established it was not possible to re–quality control

previous months and years of data with the newly es-

tablished checks. Thus some checks are noted as being

used only during certain periods of time. Additional

FIG. 7. Example of a single hourly value flagged as invalid by the climatological outlier check

(red) for USC00446955, Pulaski, Virginia, on 7 Apr 2007.
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information on the legacy quality control checks is avail-

able in Phillips (1985) and Hammer and Reek (1997).

d Extreme value test (prior to 1996): For observations

that were not accumulated totals, the value failed the

1-h statewide 100-yr return period precipitation. For

accumulated precipitation totals, the value failed the

24-h statewide extreme precipitation total.
d Missing 15-min observation (after January 1996):Hourly

values can exclude one or more 15-min periods.
d Suspect value (after January 1996): Value was deter-

mined to be suspect with regard to the times or period

of occurrence.

The next three legacy quality control checks were

retained for completeness even though they are consis-

tent with C-HPD version 2 measurement flags.

d Missing: Value is missing in the DSI-3240 dataset and

no alternate data source is available.
d Deleted: Value was deleted during the quality control

process.
d Accumulation: Value is not an hourly precipitation

total but rather an accumulation total for a period

greater than an hour in duration and lasting through

the end of the hour. Accumulations across multiple

hours exist only from the legacyDSI-3240 data source.

h. Flag rates

Flag rates for the years 1950 through June 2019 are

shown in Table 1. Of the more than 630 million obser-

vations in the C-HPD dataset, only 72 152 are flagged

invalid (0.01%). This is a very low flag rate for an in situ

observational dataset. The reason for this is twofold. In

the predigital era, observations were most often deleted

rather than flagged if they were determined to be in-

valid. Second, the processing steps for digital-era data

involved in converting 15-min gauge depth values to

incremental precipitation (as described in section 3)

includes quality assurance algorithms that remove pe-

riods when malfunctions of the gauge would result in

invalid observations. Although the flag rates for each

hourly quality control check are low, the ability to

identify and flag invalid observations is essential to the

overall quality of the C-HPD dataset.

5. Verification through comparative analysis

We conducted an analysis of the C-HPD hourly pre-

cipitation data over the period since digital recording

began to verify that the gauge filtering and quality

control procedures provide an accurate record of hourly

precipitation. This was performed in two ways. First,

we compared the C-HPD data to hourly precipitation

observations from NOAA’s U.S. Climate Reference

Network (USCRN; Diamond et al. 2013). The second

involved a comparison of daily precipitation totals (com-

puted by summing hourly totals across each day) against

daily totals from the GHCNd dataset (Menne et al. 2012).

a. Frequency of hourly totals exceeding various
thresholds (comparison with USCRN)

The USCRN is a very high quality climate observing

network, designed to adhere to Global Climate

Observing System (GCOS) climatemonitoring principles

(www.wmo.int/pages/prog/gcos/documents/GCOS_Climate_

Monitoring_Principles.pdf) and with instrumentation

that is regularly calibrated to National Institute for

Standards and Technology (NIST) traceable standards

(Diamond et al. 2013). Configured with triplicate mea-

surements of temperature, precipitation, soil moisture,

and soil temperature, the USCRN provides the best

standard against which the C-HPD data could be com-

pared. Precipitation is measured in 5-min increments

using a Geonor weighing precipitation gauge; the 12

values are summed to hourly totals (Leeper et al. 2015).A

wetness sensor at each station is used to ensure noise in

the vibrating wires of the Geonor does not result in false

precipitation reports. (The F&P gauges have no wetness

sensor to eliminate the effect of noise.)

This analysis also includes stations from the U.S.

Regional Climate Reference Network (USRCRN). The

USRCRNoperated in the Southwest andAlabama until

this program ended in 2012 and stations were trans-

ferred to each state for operations and maintenance.

The higher density of reference network observations in

those states is clearly seen in coverage maps as discussed

below. Subsequent discussion of our analysis refers to all

USCRN and USRCRN stations as USCRN.

We made initial comparisons by computing the fre-

quency of hourly precipitation amounts exceeding various

TABLE 1. Number (and rate) of hourly values flagged by each of

the automated and legacy (DSI-3240) quality control checks. The

number of flagged values is for period of record data available as of

June 2019.

Quality control check

No. of hourly

values

flagged

Flag rate as a

percent of all

nonmissing data

Suspect, 3240 50 209 0.0079

Excludes 15-min value, 3240 9515 0.0015

Datzilla, expert analysis 8319 0.0013

State extreme check 1742 0.0003

Climatological outlier check 1277 0.0002

Streak check 438 0.0001

Gap check 437 0.0001

Extreme values, 3240 215 0.0000

Global extreme check 0 0.0000
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thresholds for heavy precipitation [7.6mm (0.30 in.) or

greater], moderate to heavy [2.54mm (0.10 in.) or great-

er], and light to heavy precipitation [1.0mm (0.04 in.) or

greater]. We conducted seasonal analyses using all non-

missing hours for which there were valid C-HPD and

USCRN data values. Looking at the frequency of heavy

precipitation (Fig. 8), there is strong consistency in the

patterns across all four seasons. In the winter season,

heavy precipitation occurs approximately 0.1%–0.3% of

the time acrossmost of theUnited States in bothC-HPD

andUSCRNnetworks, with the exception of the Southeast

and parts of the West Coast and Hawaii, where heavy

precipitation occurs 0.5% or more. In the spring, the area

of 0.5% and higher frequencies extends northward into

parts of the mid-Atlantic and Midwest in both networks,

and in the summer all areas east of the Rockies have fre-

quencies of heavy precipitation 0.5% and higher, while

lower frequencies stretch to thewest coast. By fall, the area

of higher frequencies retreats to a pattern generally similar

to that of spring.

The benefit of the greater spatial density of the

C-HPD network is evident most notably in the summer.

While the USCRN and C-HPD stations show frequen-

cies of heavy precipitation greater than 0.6% in southern

Florida and the east coast of the state, the extension of

frequencies exceeding 1.0% along the immediate Florida

Gulf Coast and parts of the Panhandle is visible only in

the higher density C-HPD dataset.

Patterns of moderate to heavy precipitation [2.54mm

(0.10 in.) or more] also are similar between the C-HPD

andUSCRNnetworks (Fig. 9). These amounts generally

occur 1.5% or more of the time from the Gulf Coast to

theOhioValley and coastal areas of the Northeast in the

winter. Much of the west coast from central California

to the Pacific Northwest also has higher frequencies of

moderate to heavy precipitation in both networks. The

higher frequency of occurrence extends northward to

the east of the Rocky Mountains in spring, and reaches

as far as the Canadian border during the summer.

Frequencies of light to heavy precipitation [1.0mm

(0.04 in.) or more; not shown] are equally similar be-

tween the networks. The highest frequencies occur in

the winter season; more than 5% of the time along parts

of the Gulf Coast and more than 8% of the time along

FIG. 8. Frequency of occurrence of heavy precipitation [hourly totals of 7.62mm (0.30 in.)] for stations in theUSCRN/USRCRNnetworks

(squares) and the C-HPD network (circles) during the C-HPD digital era for (a) winter, (b) spring, (c) summer, and (d) fall.
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much of the west coast. An exception is precipitation in

Puerto Rico, where the highest frequencies occur in the

summer and fall.

b. Dry days analysis

We performed two types of comparative analysis on

the daily time scale, one for dry periods and the other for

wet periods. The first sought to determine the extent to

which noise or malfunctions in the F&P gauges were

being properly identified and excluded from calculations

of hourly precipitation, rather than falsely reported as

precipitation in the C-HPD dataset. This analysis relied

on identification of dry periods using observations from

the COOP network that are part of NCEI’s GHCNd

dataset. We selected a subset of C-HPD stations collo-

cated with a COOP station and within 10km of a

USCRN station. The locations of these stations are

shown in Fig. 10. Using observations from the COOP

network, we identified periods when no precipitation

fell within 5-day windows from 2005 through 2017, and

performed the analysis on the day centered within the

5-day dry windows for 20 stations. The use of the center

value of a 5-day window ensured that time of observa-

tion differences would not affect the analysis. There

were a total of 192 136 station-hours on these dry days in

which C-HPD and USCRN data also were available.

Of these dry hours, there were 1872 hourly obser-

vations (0.97%) of 0.25mm (0.01 in.) or more of

precipitation in the C-HPD dataset and 578 hourly

observations (0.30%) of 0.2mm or more in the USCRN

dataset (Table 2). Of the 1872h of reported precipita-

tion in C-HPD on ‘‘dry days,’’ more than 90% were of

1mm (0.04 in.), and most of the others were hourly re-

ports less than 5mm (0.20 in.). During 253 of these

station-hours, both C-HPD and USCRN reported pre-

cipitation, suggesting that the error may have been a

false zero within the COOP record in the GHCNd

dataset. Since the COOP network relies on volunteer

observers to take observations from an 8-in. rain gauge

once each day, light precipitation is more likely than

heavier precipitation amounts to go unreported in the

COOP summary of the day precipitation total.

FIG. 9. Frequency of occurrence of moderate to heavy precipitation [hourly totals of 2.54mm (0.10 in.)] or more for stations in the

USCRN/USRCRN networks (squares) and the C-HPD network (circles) during the C-HPD digital era for (a) winter, (b) spring,

(c) summer, and (d) fall.
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However, it is not surprising to find that a small number

of false reports of light precipitation are present in the

C-HPD dataset due to noise in the F&P gauges that was

not completely filtered out. But the relatively small num-

ber of such cases (less than 1%) is indicative of well-

performing filtering algorithms. As noted previously a

wetness sensor is used in theUSCRNnetwork to reduce or

eliminate false precipitation reports associated with sensor

noise, and the benefit of that is evident in the lower fre-

quency of reported precipitation events during dry periods.

A diurnal signal was found in the timing of false re-

ports of very light precipitation in the C-HPD data,

peaking near noon during daylight hours (Fig. 11). This

is consistent with an increase in gauge depth oscillations

that can occur in association with diurnal heating of the

F&P gauge, especially when solar radiation is strong.

The lack of a strong diurnal signal for USCRN precipi-

tation over dry days indicates the value of a wetness

sensor when distinguishing noise from precipitation.

c. Comparison on wet days

To evaluate the accuracy of the C-HPD data during

periods of precipitation, we used COOP data from

GHCNd to identify precipitation events that had a total

precipitation of at least 25.4mm (1.0 in.) over one or

more consecutive days with two ormore consecutive dry

days on either side. There were 742 unique station-

precipitation events from the same 20 sites used in

the dry-days analysis. Precipitation amounts for each

event were compared between the GHCNd, C-HPD,

and USCRN stations.

Good agreement was found betweenGHCNd and the

C-HPD network stations and between the GHCNd and

USCRN network stations. The R2 value between the

C-HPD event totals and the totals for the same event as

measured by the COOP stations in GHCNd is 0.82

(Fig. 12). The R2 value for the USCRN and GHCNd

event totals was lower (0.68), but still showed good

agreement. The higher R2 value for the C-HPD data is

likely due to the fact that C-HPD stations were collo-

cated with the COOP stations while USCRN sta-

tions could be located further (within 10 km) from the

COOP site.

6. Summary

The U.S. Cooperative Observer Program’s network of

F&Pprecipitation gauges provides relatively high-density

coverage of hourly precipitation. With a period of record

beginning in the middle of the twentieth century, it is the

longest running network of subdaily precipitation mea-

surements in the country. The upgrade from punched

paper to digital recording that the National Weather

Service began in 2005 and completed in 2013 has been

combined with a modernized processing and quality

FIG. 10. Locations of the 20 pairedC-HPD/COOP andUSCRN stations used in the dry and

wet days analyses. The C-HPD F&P gauges are collocated with the 8-in. COOP gauge. The

distance to the USCRN station is indicated by the color of the circle.

TABLE 2. Number of hours (percentage) in which precipitation

was not measured (HPD5 0, CRN5 0) and the numbers of hours

(percentage) when precipitation was measured (HPD. 0, CRN.
0) in theHPDandCRNnetworks on days in which no precipitation

was recorded at a nearby COOP (GHCNd) station.

HPD 5 0 HPD . 0 Total

CRN 5 0 189 939 (98.86%) 1619 (0.84%) 191 558 (99.70%)

CRN . 0 325 (0.17%) 253 (0.13%) 578 (0.30%)

Total 190 264 (99.03%) 1872 (0.97%) 192 136 (100%)
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control system at NOAA’s National Centers for

Environmental Information. This new system provides

rapid and repeatable processing and delivery of hourly

precipitation observations to the user community via the

COOP Hourly Precipitation Data version 2 dataset.

The design of a fully automated system of data ingest,

gauge filtering, hourly quality control, and data output

provides the user community with timely access to high-

quality hourly observations at more than 1900 stations.

Although the instrumentation is subject to variations in

gauge depth unrelated to precipitation, filtering algo-

rithms preserved the precipitation signal while identi-

fying and removing anomalous gauge depth fluctuations

due to factors such as diurnal heating of the instrument,

evaporation from the bucket, anomalous oscillations

around zero, and extreme fluctuations that can be due to

instrument maintenance issues or unusual environmen-

tal factors such as nearby railroad traffic. Subsequent

processing using quality control algorithms that operate

on hourly and daily time scales identify and flag hourly

values that exceed expected climatological thresholds.

Validation of the C-HPD data included comparisons

of the quality controlled hourly observations with data

from the U.S. Climate Reference Network as well as

comparisons of daily totals against neighboring COOP

8-in. gauge measurements of daily precipitation from

the GHCNd dataset. The distribution in the frequency

of light,moderate, and heavy hourly precipitation amounts

in the C-HPDmatched that of the USCRN network in all

seasons, with the benefit of the higher-density C-HPD

network especially evident in areaswith strong gradients in

precipitation amounts such as coastal locations in Florida

in summer.

An analysis performed on days determined to be dry

based on neighboring COOP 8-in. gauge measurements

as present in the GHCNd dataset showed that the

C-HPD dataset rarely reported precipitation on these

dry days. On occasions when precipitation was reported,

it tended toward mostly very light precipitation events.

There were also a small number of cases when USCRN

reported precipitation on these dry days, suggesting

some of the network differences may be due in part to

inaccuracies in the COOP record, but more often than

not attributable to the difficulty of identifying small

anomalous fluctuations (0.01 in.) in the F&P gauge depths

that are unrelated to precipitation.

A comparison performed on wet days showed good

agreement between the COOP and the C-HPD network

stations and between the COOP and USCRN network

stations. The R2 value of 0.82 between the C-HPD and

COOP event totals provided an added level of verification

that the C-HPD stations are operating well during the

digital era.

FIG. 11. Diurnal distribution of the 1872 h with precipitation in

the C-HPD (blue) and 578 USCRN hours (red) on days otherwise

identified as dry using COOP/GHCNd data.

FIG. 12. Scatterplot showing the relationship between precipitation event totals [25.4mm

(1.0 in.) or more] for GHCNd and C-HPD (blue) and GHCNd and USCRN (red).
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The improvements in processing implemented in the

C-HPD version 2 dataset enable NCEI to provide a

dataset of higher quality with rapid updates and better

accessibility to theuser community.Thesedata are available

at https://data.nodc.noaa.gov/cgi-bin/iso?id5gov.noaa.ncdc:

C00988. The raw 15-min gauge depth data are available

from NCEI upon request. Future work includes official

release of the associated 15-min precipitation data in a

dataset that similarly combines the legacy era (DSI-

3260) with data in the digital era.
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