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ABSTRACT

A comparative study of daily and monthly rainfall between research and operational gauges was conducted

at the mid-Atlantic region. Fifty research tipping-bucket gauges were deployed to 20 sites where each site had

dual or triple gauges. The gauges were in place to validate the National Aeronautics and Space Adminis-

tration’s newly developed polarimetric radar rainfall estimate. For logistic purposes, these research gauges

were collocated with operational gauges and were operated over a year at each site. Therefore, this is an

experimental study, which involves a mixture of one to five sites of seven operational gauge networks.

A very good to excellent agreement between the two collocated research gauges at daily time scale raised

the authors’ confidence to consider them as a reference before comparing with the operational gauges.

Among operational networks, the National Weather Service’s (NWS) Automated Surface Observing Systems

(ASOS) weighing bucket and the Climate Reference Network and Forest Services tipping-bucket gauges

demonstrated high performance for both daily and monthly rainfall, while the Federal Aviation Adminis-

tration’s Automated Weather Observing Systems (AWOS) tipping-bucket gauges performed poorly. Among

the other networks, the ASOS tipping-bucket and Cooperative observer program’s stick gauges seemed to

be reliable for monthly rainfall, but not always for daily rainfall. The Virginia Agricultural Experimental

Station (VAES) tipping-bucket gauges, on the other hand, had a mixture of high and low performance for

daily and monthly rainfall. Unlike other gauge networks, VAES gauges were in place for long-term research

applications.

1. Introduction

Rain gauges have historically been employed to deter-

mine the precipitation climatology of a city or a region.

The climatological variables including frequency, norms,

anomalies, and extremes are derived relying upon the

entire record of the gauge measurements. Rain gauge

measurements have also been incorporated in mapping

monthly mean global precipitation (Legates and Willmott

1990) and give invaluable input for weather and flood

forecasting models. Forecasting models require gauge

measurements at an hourly or higher temporal scale,

while daily gauge measurements are typically sufficient

for climate applications.

Rain gauges are a valuable asset to validate radar

rainfall products. For direct validation, gauges are ideally

distributed near the radar site just outside the radar’s

surface clutter. This configuration reduces the differences

in the sample volumes and the time–height ambiguity

between the two measurements (e.g., Matrosov et al.

2002). For statistical validation, one seeks the agreement

on the distributions of rainfall between the radar and
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gauge measurements (Amitai 2000). Rain gauge mea-

surements are also incorporated in radar rainfall esti-

mation. The probability matching method (PMM), for

instance, employs the coincident measurements of radar

reflectivity Z and gauge rain rate R in developing a Z–R

lookup table (Rosenfeld et al. 1993, 1994). The National

Aeronautics and Space Administration (NASA) Trop-

ical Rainfall Measuring Mission (TRMM) satellite val-

idation program employs PMM in constructing radar

rainfall mapping in their primary validation sites (Wolff

et al. 2005). The gauge measurements are also used to

adjust the radar rainfall estimation. The National Oce-

anic and Atmospheric Administration (NOAA) stage III

product is the gauge adjusted hourly radar rainfall at

4-km resolution (Xie et al. 2005).

Similar to radar rainfall products, rain gauges are a

valuable asset to validate the satellite rainfall estimates.

The daily rainfall from TRMM Multisatellite Precipi-

tation Analysis (TMPA), for instance was compared to

the gauge measurements at atolls, buoys, and dense gauge

sites (Huffman et al. 2007). Interestingly, the TMPA also

employs monthly gauge totals in constructing 3-hourly

rainfall maps at 0.258 3 0.258 resolution. The rain gauges

that were incorporated in the radar or satellite rainfall

products are mainly operated by operational agencies

such as the National Weather Service (NWS). The insti-

tution that merges the radar or satellite rainfall products

with the gauges is responsible for the gauge quality con-

trol. The gauges that were used in validating radar or

satellite product are mostly operated by a research or-

ganization, which is also responsible for the quality con-

trol of the gauges.

The rain gauge network in east-central Florida, for in-

stance, was constructed to provide an independent vali-

dation for the Weather Surveillance Radar-88 Doppler

(WSR-88D) and S-band polarimetric radar in Melbourne,

Florida, during the TRMM field campaign, Texas Florida

Underflights (TEFLUN-B; Wolff et al. 2005). The same

gauge network was also used to study the spatial variabil-

ity of rainfall (Habib et al. 2001a; Datta et al. 2003; Habib

and Krajewski 2002). There are other well-maintained

research quality rain gauge networks across the United

States and elsewhere. The gauge networks that were

developed for hydrological applications covers the sub-

basins of a watershed (e.g., Habib et al. 2004, 2008),

while multipurpose mesonets cover a region as in west

Texas (Schroeder et al. 2005) or a state as in Oklahoma

(Brock et al. 1995).

The rain gauge network that was used in this study was

originally deployed to validate NASA’s newly developed

S-band polarimetric radar (NPOL). Through collabo-

rative efforts with the NWS Wakefield Office and other

federal and state agencies, the gauges were collocated

with various operational networks. In this study, we take

this opportunity and compare the operational and re-

search gauges by examining their daily and monthly rain

totals. The operational gauges are used in constructing

radar and satellite rainfall products and, therefore, it is

important to assess the accuracy of their measurements.

Indeed, this is the main motivation of this study. Since

dual or triple research gauges were deployed in each

site, the agreement between the research gauges was first

done prior to considering them as a reference to evaluate

the performance of the operational gauges. We refer to

research gauges as the instruments in the field for a par-

ticular application and expected to be removed once the

research goals had been achieved.

The rain gauge networks including site and type of

gauges are stated in section 2. Section 3 describes the

rainfall statistics used to evaluate the gauges. The per-

formance of research gauges is presented in section 4,

while section 5 is dedicated to the performance of op-

erational gauges. The concluding remarks are given in

the last section.

2. Rain gauge network

The NASA TRMM satellite validation office (TSVO)

rain gauge network consisted of 50 Met One Inc. tip-

ping-bucket gauges at 20 sites. Half of the sites had dual

gauges and the other half had triple gauges. The gauge

sites were distributed between 15 and 150 km of the

NPOL except one at the radar site: Oyster, Virginia. The

gauge sites were mostly in coastal areas on both sides of

the Chesapeake Bay, in Delmarva, eastern Virginia,

and northeast North Carolina. The gauges covered a

2.58 3 2.58 area where gauge distances ranged from 7 to

269 km. Sixteen of 20 gauge sites were collocated (less

than 5 m) with operational gauges that were operated by

federal or state agencies (Fig. 1). This study concentrates

on these 16 sites.

The TSVO rain gauges were deployed beginning

in February 2004 and all the gauges were sited within

6 months (Fig. 2). The gauges were visited monthly over

the 25-month period between April 2004 and May 2006

except for a winter break of 4 months in both years.

Regarding data recording, the time of the tip (1-s reso-

lution) was stored in a data logger that was manufactured

by MadgeTech. During each site visit, the performance

of gauge, logger, and battery was tested and data was

downloaded. The logger was enclosed in a waterproof

box that was placed inside the gauge cylinder and there-

fore, the connection cables between the gauge and the

logger were not exposed to the weather.

Throughout the operation, six gauge sites were relo-

cated. During late October 2004, the gauge site (G04)
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next to the radar was moved nearby to the U.S. Climate

Reference Network (CRN) site. During the May 2005

site visit, two gauge sites (G09 and G10) next to Co-

operative Observer Program (COOP) gauges were moved

to new sites (G14 and G15) next to Automated Weather

Observation Systems (AWOS) gauges. Similarly, two

other sites (G08 and G11) that were also next to COOP

gauges were moved to new sites (G17 and G19) adjacent

to the Virginia Agricultural Experiment Station (VAES)

gauges. The relocated gauges stayed in the same town

where the distances between the COOP and the AWOS

or VAES sites ranged from 432 m to 12 km. The COOP

site (G20) in Murfreesboro, North Carolina, was closed

and a new site (G21) was opened next to the AWOS site

in Melfa, Virginia. At the end, the TSVO gauges were

operated at least one year next to or very near seven

ASOS, five COOP, four AWOS, three VAES, one

CRN, and one Fire Management (FM) gauge.

Most of the operational gauges were tipping buckets,

but the gauges in each network had different manufac-

turers and data collection systems (Table 1). Considering

the ASOS networks, two sites had all weather precipi-

tation accumulation (AWPAG) gauges (G01 and G02),

while the remaining five sites were equipped with a

heated Frise tipping-bucket (FTB) gauges (G03–G07).

The AWPAG is a weighing bucket gauge and has proven

to be superior to the heated FTB in mixed and frozen

precipitation (White et al. 2004; Greeney et al. 2007).

Since late 2003, the AWPAG have been replacing FTB

across the United States and for the G01 and G02 sites,

the replacements occurred in October 2004. In that re-

gard, we disregarded the G01 and G02 data prior to the

gauge replacements. Regarding maintenance, the per-

formance of the gauges was remotely monitored and

a site visit was scheduled if a problem was identified. In

addition, preventive maintenance was performed every

3 months (D. Jones, NWS Wakefield Office, 2008, per-

sonal communication).

The COOP sites (G08–G12) had manual stick gauges

(Table 1). The COOP is a voluntary based program that

has provided climate and weather data for over a century.

The gauge is read daily but the time of reading is not

recorded even though the reading occurs at the same

hour or within a range of half an hour or an hour de-

pending on the station. The gauge reading is performed

even in the presence of precipitation except that the

FIG. 1. Map of TSVO gauge sites, which were located next to operational gauges listed at the

bottom-left corner. The TSVO gauges were distributed around the NPOL. The radar coverages

of 15, 50, 100, and 150 km are also shown.
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gauge is emptied during the next reading cycle. Since the

time of reading is not recorded, the daily rainfall can be

erroneous if the precipitation occurs at the time of read-

ing. Through close collaboration with the gauge reading

personnel at each site, we set the hours shown in Table 2

to determine the daily rainfall.

The AWOS sites (G13–G16) were equipped with

tipping-bucket gauges (Table 1). The Federal Aviation

Administration (FAA) administrates the AWOS sites

under contract with two private companies. The vendor

of the tipping-bucket gauges is therefore not uniform

across the United States. The maintenance is similar to

the ASOS (R. Conlon, Austin Electronics, 2006, per-

sonal communication).

The VAES sites (G17–G19) were equipped with tipping-

bucket gauges (Table 1) that were attached to a post as

part of complete weather station. The VAES was op-

erated by Virginia Technology University and the per-

formance of the gauges was monitored remotely and the

sites were visited annually. Although we grouped VAES

gauges under operational gauges, they were in the field

primarily for research purposes. The VAES gauges star-

ted operation between January and March 2004, just a few

months before G18 became operational (Fig. 2).

The CRN site (G20) was equipped with the tipping-

bucket (Table 1) and Geonor weighing bucket gauges. In

this study, we used the tipping-bucket gauge. The quality

control of the observations was done at the National

Climate Data Center and then placed on the Web site.

The FM site (G21) was equipped with the Forest Ser-

vices Inc. tipping-bucket gauge (Table 1). The gauge is

within National Wildlife Refuge land and local personnel

maintain the gauge. The Forest Services technician checks

the gauge annually and the gauge is recalibrated ev-

ery 3 yr (R. Vollick, Fire Management, 2006, personal

communication).

Among operational gauges, the CRN gauges were in-

side a double wooden fence. The AWPAG was equip-

ped with a Tretyakov wind shield (Fig. 3a; Greeney et al.

2007), while the FTB had a vinyl wind shield (Fig. 3b).

The rest of the operational and TSVO gauges did not

have wind shields. The wind-induced precipitation loss is

probably the most notable gauge systematic error. Habib

et al. (1999) and Nespor and Sevruk (1999) simulated

the wind-induced gauge rainfall loss, while Duchon and

Essenberg (2001) examined the differences in rainfall

between the pit, shielded, and unshielded gauge mea-

surements. Sieck et al. (2007), with a well-instrumented

site, focused on data quality control, and systematic er-

rors including gauge calibration, gauge orifice leveling,

and wind effects. The site included various vendors tipping

FIG. 2. Operation period of TSVO gauges. The gauge identification

numbers are also shown.

TABLE 1. Characteristics of the operational gauges.

Organization Gauge type Manufacturer/model number Reporting time/method Gauge site ID

NWS–ASOS Weighing bucket OTT–Germany Minute/telemetry G01, G02

NWS/FAA–ASOS Tipping bucket Frise Minute/telemetry G03–G07

NWS–COOP Stick gauge — Daily/manual reading G08–G12

FAA–AWOS Tipping bucket Texas Electronics/6118–1 Hourly/telemetry G13–G16

VAES Tipping bucket Texas Electronics/525-L 15-min/datalogger/telemetry G17–G19

CRN Tipping bucket Hydrological Services

of America/TB-3

15-min/datalogger/satellite

transmission

G20

Fire Management Tipping bucket Forest Services Inc. Hourly/datalogger/satellite

transmission

G21
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buckets, weighing bucket gauges, pit collector gauges, an

impact-type disdrometer, and anemometers.

In addition to the systematic errors, rain gauges suffer

from random errors. Ciach (2003) presented the random

errors utilizing 15 collocated tipping-bucket gauge mea-

surements and pointed out that the averaging of two or

more collocated gauge measurements reduce the ran-

dom errors. Habib et al. (2001b) and Wang et al. (2008),

focused on the gauge temporal sampling errors that can

be significant at a shorter time (less than 15 min) inte-

gration period. These gauge measurement errors should

be kept in mind in comparison with the gauge rainfall.

3. Rainfall statistics

A package of rainfall statistics was applied to daily

and monthly rainfall to evaluate the performance of the

TSVO and operational gauges. The statistical package

included the Pearson correlation coefficient, standard

deviation, bias, weighted bias, absolute bias, weighted

absolute bias, percent bias, and percent absolute bias.

The bias in this study means the mean difference be-

tween the two variables. The Pearson correlation co-

efficient, r is the ratio of the sample covariance of the

two gauge totals (x, y) to the product of the standard

deviation and is expressed as

r 5
Cov(x, y)

[Var(x)Var(y)]1/2
. (1)

The standard deviation (SD) of the difference between

the gauge totals is the square root of the summation of

variance x plus variance y minus 2 times the covariance

of the variables and is expressed as

FIG. 3. Picture of the selected sites. (a) ASOS weighing bucket; (b),(c) ASOS tipping-bucket

site; (d)–(f) COOP stick; (g),(h) AWOS tipping-bucket site; (i) VAES tipping-bucket site;

( j) CRN tipping-bucket site; and (k) FM tipping-bucket site.

TABLE 2. COOP network gauge reading times.

Site ID Observation time (local time)

G08 1600

G09 1800

G10 0600

G11 0900

G12 0800
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SD(x� y) 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Var(x) 1 Var(y)� 2Cov(x, y)
p

. (2)

The bias and absolute bias between the two gauge totals

are expressed as

bias 5
1

n
�

n

i51
(x

i
� y

i
), (3)

absolute bias 5
1

n
�

n

i51
jx

i
� y

i
j, (4)

where n represents the rainy days or rainy months. The

weighted bias and weighted absolute bias are similar to

the biases defined above but weighted with respect to

the rain amount:

weighted bias 5�
n

i51
v

i
(x

i
� y

i
), (5)

weighted absolute bias 5�
n

i51
v

i
jx

i
� y

i
j, (6)

where the weighting function is defined as

v
i
5

(x
i
1 y

i
)/2

hx, yi , (7)

where the denominator is the mean gauge total and is

expressed as

hx, yi5 1

n
�

n

i51

(x
i
1 y

i
)

2
. (8)

Through weighting function, the rain events that had

higher accumulation play a greater role in bias and ab-

solute bias calculations. The percent bias and percent

absolute bias, which are normalized quantities, are the

ratios of the bias and absolute bias to the mean gauge

totals:

percent bias 5
bias

hx, yi , (9)

percent absolute bias 5
absolute bias

hx, yi . (10)

Although each statistic has its own importance, we se-

lected the percent absolute bias to rate the gauge perfor-

mance. This is mainly due to the fact that gauge accuracy is

often referred to as percent absolute error at a given rain

rate interval. For instance, the accuracy of Met One

gauges is 61% at rain rate from 25.4 to 76.2 mm h21. If

the percent bias was less than 5%, the gauge was rated

excellent. If the percent bias was between 5% and 10%

the rating was very good, while the rating was good when

the percent bias was between 10% and 15%. We called

the gauge reasonable if the percent bias was between

15% and 20%, while a poor rating was given when the

percent bias was above 20%. This subjective scheme was

applied both for daily and monthly statistics.

For daily rainfall, we ran the statistical package in two

different conditions. First, we included the rainy days if

either TSVO or operational gauge had at least 5 tips

(1.2 mm). This tended to eliminate the days that had

insignificant rainfall, but not gauge malfunction, which

often results in no recorded rainfall. Second, we consid-

ered the days where both TSVO and operational gauges

had at least five tips. This statistic tends to demonstrate

agreement when both gauges are operating. The first

criterion was selected to rate the gauge performance.

Considering the comparison between the two TSVO

gauges, we applied only the second condition since gauge

malfunction was mainly due to human error where the

gauge was not set back to the operational mode after the

site calibration test. Since TSVO gauges are not heated, it

is feasible that false tips occur after the accumulated snow

melts following the snow event. We carefully eliminated

these tips by examining the snowy days in the operational

gauge network.

4. Performance of TSVO gauges

Side-by-side comparisons of TSVO gauges at triple

gauge sites were mainly done between first (A gauge)

and second (B gauge) gauges. This is mainly due to the

fact that the third gauge (C gauge) was installed at half

of the sites and the installation completed several months

after the operation was started. We only used the C gauge

in three sites where either the A or B gauge had a data

gap due to human error. The comparison of three gauges

boosted our confidence on the selection of best gauge

before using it as a reference for comparison to the op-

erational gauges.

In addition to side-by-side comparisons, performance

of TSVO gauges were evaluated at NASA’s Wallops

Flight Facility (WFF) where dual TSVO gauges were

operated collocated with dual Hydrological Services of

America (HAS) gauges. Seventy-five days of accumu-

lative rainfall had less than a 2% different between TSVO

and HAS gauges (Fig. 4a). The event rain total statis-

tics, on the other hand, showed less than 5% absolute

bias and 61% percent bias between TSVO and HAS

gauges (Fig. 4b).

The comparison of daily rainfall between the two

TSVO gauges revealed excellent agreement in 38% of
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the sites. The remaining sites had very good agreement

where the percent absolute bias was between 5% and

9% (Fig. 5h). The correlations were higher than 0.99

(Fig. 5a) and the SD was lower than 2 mm in all sites

except G06 where the B gauge had higher totals (Fig. 5b).

The higher rain totals of B gauge in G06 resulted in

relatively higher biases than other sites (Figs. 5c–f). The

weighted bias and weighted absolute bias at G06 were

about the same and were above 4 mm, while the rest of

the sites had weighted biases less than 3 mm. The ab-

solute value of percent bias was over 7% in G06 and G13

and was lower than 5% in other sites (Fig. 5g). These

statistics are considered a benchmark when the TSVO

gauge is compared to the operational gauge for daily

rainfall. These statistics also demonstrate the error mar-

gins of a reliable gauge when a single gauge operates at

a site. Although we stress the importance of dual or triple

gauges at a site (Ciach and Krajewski 1999; Tokay et al.

2003), the use of a single gauge site may still be acceptable

for research application.

5. Performance of operational gauges

The comparison of daily rainfall between the TSVO

and operational gauges revealed a range from very good

to poor agreement. The agreement between the TSVO

and operational network was mostly better for monthly

rainfall as expected. There was a clear distinction in gauge

performance between the different operational networks.

Although we tried to identify the reasoning of the good–

poor performance of the gauge, this was not always fea-

sible among several contributing factors including the

gauge type, data collection system, the presence or ab-

sence of a wind fence, and maintenance.

The performance of operational gauges is evaluated

by taking TSVO gauges as a reference and by relying

on the statistics between the TSVO and operational

gauges. The statistics under the term of bias is therefore

considered to be an error for the operational gauges.

The diagrams of daily and monthly rainfall compari-

sons around the one-to-one line may provide additional

information through visual evidence on the over- and

underestimation of a gauge and outliers. These diagrams

are not shown but included in the discussion when it is

relevant.

ASOS weighing bucket (ASOS_WB) gauges at G01

and G02 had very good agreement with the TSVO gauges

in daily rainfall (Fig. 5h), while the agreement was ex-

cellent in monthly totals (Fig. 6h). The daily totals had

only a few outliers from the one-to-one line, resulting in

minimal differences in rain statistics when either or both

gauges were reporting rainfall. The statistics between

the TSVO gauges and between TSVO and ASOS_WB

gauges were also very close for correlation, SD, and

absolute biases (Figs. 5a,b,e,f). This boosted our confi-

dence on the high performance of these operational

gauges. Looking at the monthly statistics, correlations

were above 0.99 (Fig. 6a), and standard deviations were

under 4 mm (Fig. 6b). The monthly absolute biases and

the weighted absolute biases were less than 2 and 3 mm

FIG. 4. Comparison of collocated two Met One (MET01,

MET02) and two Hydrological Services of America (HSA01,

HSA02) tipping-bucket gauge rainfall. (a) Accumulative rainfall

for the 75 days. (b) Comparison of event rain totals.
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FIG. 5. Daily rainfall statistics between the two TSVO gauges (‘), between the TSVO and operational gauges

when either of them recording (1) and when both of them recording (3). The vertical dashed bars separate different

types or models of operational gauges.
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(Figs. 6e,f), respectively, as being the lowest among all

operational gauges. These statistics are considered a

benchmark when the TSVO gauge is compared with the

other operational gauges for monthly rainfall.

ASOS tipping-bucket (ASOS_TB) gauges were rated

very good at G05, good at G03 and G06, and poor at G04

and G07 for daily rainfall (Fig. 5h). The scatters around

the one-to-one lines were particularly significant at the

FIG. 6. Monthly rainfall statistics between the TSVO and operational gauges. The vertical dashed bars separate

different types or models of operational gauges.
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G04 and G07 sites. There was also a significant number

of days where ASOS_TB either reported false rainfall or

did not report any rainfall in all five sites. With the ex-

ception of G05, the number of rainy days reduced by

about 20% when the daily statistics were recalculated

for the days where both gauges reported rainfall. The

daily statistics then improved noticeably such that the

agreements ranged from excellent (G05) to good (G04

and G07; Fig. 5h). The false and absence of a rain report

was indeed one of the major problematic issues of the

operational gauges. The correlations at G07 improved

from 0.67 to 0.98 and the SD decreased from 12 to 2 mm

when both gauges were reporting rainfall (Figs. 5a,b).

For the monthly rainfall, the gauge totals followed the

one-to-one line in G05, resulting in excellent agreement.

In the presence of one to two outliers and deviations

from the one-to-one line, G03 and G06 had a very good

agreement with the TSVO gauges while the agreement

was rated good in G04 and G07 (Fig. 6h). The false or

nonreported rainfall influenced the monthly totals as

well. The correlation at G07 was the second lowest

among all operational gauges (Fig. 6a), and the SD at the

same site was the fifth highest (Fig. 6b).

It was not uncommon that an ASOS_TB gauge repor-

ted false rainfall or missed rainy days consecutively. G07,

for instance, failed to report 8-, 5-, and 50-mm rain totals

in 3 consecutive days. G07 also failed to report a 130-mm

rain total on another day. Since the daily totals between

the TSVO and ASOS_TB gauges were in an agreement

before and after these nonreporting days, we attributed

the problem to the data transfer system rather than the

gauge. Nevertheless, there were other days where the

rain totals between the gauges were quite different.

Since all the ASOS gauges have the same maintenance

and the data has been retrieved through the same mech-

anism, ASOS_WB gauges seemed to be superior to the

ASOS_TB gauges. We should also add that the age

of the gauge can be a factor in its performance. While

ASOS_WB gauges were new, ASOS_TB gauges had

been in the field at least several years before TSVO

gauges were installed at the sites.

Performance of COOP gauges ranged from good to

poor for daily totals (Fig. 5h). The percent absolute bias

had a span of less than 7% between the five sites. The

range of percent absolute daily bias was even less than

5% when both gauges were reporting rainfall. This sec-

ond run of statistics improved the agreement between

the gauges noticeably. The correlation in G10, for ex-

ample, was raised from 0.71 to 0.97 (Fig. 5a). The SD

and weighted absolute daily bias at the same site were

both lowered from 12 mm to 3 and 2 mm, respectively

(Figs. 5b,f). The number of rainy days was 20% less

when both gauges were reporting rainfall. As with

ASOS_TB sites, the false and missed rainy days con-

tributed significantly to the statistics. Once they were

excluded, the percent bias was negative in all sites in-

dicating that the COOP gauges reported higher rainfall

(Fig. 5g). The 7%–16% decrease in percent absolute

bias between the daily and monthly statistics is a unique

feature of the COOP gauges. The COOP gauges were

rated from excellent to good based on monthly totals

(Fig. 6h). Despite the statistics being based on a large

sample of rainy days, not reporting a major rainy day can

still affect the statistics, particularly in monthly statistics.

The COOP at G10, for example, missed 122-mm total of

rainy days, resulting in an outlier in monthly totals and

this was the only site that was rated good. The SD and

weighted absolute monthly bias were also high at this

site (Figs. 6b,f).

The false and unreported daily rainfall in COOP sites

is attributed to the observers reading errors. As noted

above, the time of the daily measurement is not recor-

ded and this is indeed a major issue if it rains at the time

of observation. These factors cause both under- and

overestimation of the COOP daily totals. This is why the

monthly statistics were substantially better than the

daily statistics. Aside from that, the COOP sites results

in comparable statistics with the ASOS_TB gauges even

though the gauges and data collection methods were

very different between the two networks.

AWOS gauges had a poor performance in all sites for

daily and monthly rainfall. Among the four AWOS sites,

G13 had the poorest performance having an extremely

high percent bias and a percent absolute bias in both

daily and monthly rainfall (Figs. 5g,h and 6g,h). The G13

gauge did not report or underestimated rainfall in most

of the days. It also had the lowest correlation and highest

daily bias among all gauges (Figs. 5c,e). Even in the

absence of unreported rainy days, the performance of

all AWOS gauges was poor because of severe under-

estimation of rainfall. Given the similarities between

ASOS and AWOS sites maintenance, the malfunction

of the gauge is believed to be the main reason for the

poor performance of the AWOS sites.

Performance of VAES gauges had a wide variety

between the three sites. In the presence of false and

unreported rainfall and numerous days of underestima-

tion, G17 had a poor performance for daily and monthly

rainfall (Figs. 5h and 6h). In contrast, G19, which had

a few outliers from the one-to-one line, had good and

very good ratings (Figs. 5h and 6h). On the other hand,

G18 had a reasonable performance (Figs. 5h and 6h).

The CRN gauge had a very good performance for

both daily and monthly rainfall (Figs. 5h and 6h). There

were only a very few outliers from the one-to-one line

for daily and monthly rainfall and these outliers were at
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light rainfall. Given the fact that the CRN sites are well

constructed with double wooden fence and the gauges

were tested through specialized field campaigns at two

NWS research sites (Baker et al. 2005), very good per-

formance of the CRN gauges was not surprising. This

particular gauge was activated just 5 months before TSVO

gauges were installed at the site.

The FM gauge was rated good for daily rainfall and

was excellent for monthly rainfall (Figs. 5h and 6h).

False and unreported rainfall was the main reason for

the relatively low performance in daily rainfall. In com-

parison to the CRN site, the maintenance of the FM is

less frequent and the gauge had been in the field for 9 yr,

so the high performance was rather surprising.

6. Conclusions

As noted in the introduction, the TSVO gauges were

deployed to validate the NPOL rainfall estimation. The

gauges were collocated with operational gauges, satis-

fying the open space requirement in the absence of any

obstruction. This study was motivated by the validation

of satellite rainfall products where the gauges are a key

component. The satellite rainfall products are mostly

validated over a well-instrumented ground validation

site such as east-central Florida or a field campaign site

such as the Amazon basin of Brazil, both of which are

associated with the TRMM program and are known as

physical validation sites. The satellite products also seek

validation over areas where there are inconsistencies

between precipitation retrieval algorithms. The coastal

areas like the mid-Atlantic region is particularly chal-

lenging for microwave sensor based precipitation re-

trieval algorithms. Over the continental United States,

the available gauges and rainfall products such as stage III

are the only options to validate the space-borne rain es-

timate in these circumstances (e.g., Yilmaz et al. 2005).

For the decision making to include a particular op-

erational gauge, the user relies on the predetermined

threshold of measurement accuracy for a given time

scale, even though the user may have an interest in the

details of problematic issues between the gauge and data

transfer systems. To determine the gauge accuracy, a

long-term field campaign with the presence of collocated

gauges is desirable. The NWS performs such a field cam-

paign at its two centers (Sterling, Virginia, and Johnstown,

Pennsylvania) where various types of gauges have been

tested. A similar test facility has been constructed at

NASA WFF where more disdrometers than the rain

gauges were operated collocated. At WFF, the compar-

ison between two TSVO and two HAS gauges revealed

an excellent agreement based on 20 rain events. The

agreement between the two TSVO gauges ranged from

very good to excellent at operational gauge sites. These

findings encouraged us to use TSVO gauges as a reference

to determine the performance of operational gauges.

Considering percent absolute bias as a measure for the

gauge accuracy, both ASOS_WB, one of the ASOS_TB,

and a CRN gauge were qualified as an acceptable gauge

for daily rainfall if an agreement threshold of 10%

was considered. Since the FM gauge is just above this

threshold, it can also be added to the qualified gauges for

satellite precipitation validation. For a monthly rainfall,

if a 5% threshold is considered, both ASOS_WB, one of

the ASOS_TB, one of the COOP gauges, and a FM gauge

qualified, while the CRN gauge may also be acceptable

since its percent absolute bias was just above 5%. While

these subjectively determined thresholds might be con-

sidered strict, they indicate that ASOS_WB, CRN, and

FM gauges seem to be highly qualified for any applica-

tion. Since we had only one or two sites for these types of

gauges, this statement should be accepted with caution.

The relaxation of the daily rainfall thresholds to 15%

increases the number of acceptable gauge sites to 10,

while the relaxation of the monthly rainfall to 10% in-

creases the number of acceptable gauge sites to 13. For

daily rainfall, two more ASOS_TB, two COOP (one in

the gray zone for just being above the threshold), and one

VAES gauge qualify, while three more ASOS_TB, three

more COOP, and one VAES gauge pass the monthly

rainfall threshold. An addition of another 5% to the

monthly rainfall threshold results in all ASOS_TB and

COOP gauges qualifying as acceptable. For daily rain-

fall, two out of five ASOS_TB and one COOP still

do not qualify at a 20% threshold level. Among other

networks, the second VAES gauge also qualified for

monthly and daily rainfall with these more relaxed

thresholds. Despite the limited number of sites in this

study, we conclude that ASOS_TB and COOP gauges

can be used for monthly rainfall if the threshold is

not strict, while it is risky to use them for daily rainfall.

AWOS gauges, on the other hand, should be avoided

for any validation and research applications. Recall that

the type of gauges might differ at other AWOS sites,

so our conclusions should be considered with caution.

Since VAES gauges were research oriented, our diverse

findings on their performance may provide feedback to

the researchers who use these gauges.

This study should be considered as experimental since

we neither examined a particular gauge network in depth

nor studied all the gauge networks that are used in con-

structing particular radar or satellite rainfall product.

Rather, we investigated the performance of operational

gauges that were distributed in approximately 550 km2.

Most of the gauge networks that were used in this study

report at hourly and higher temporal resolution and it is
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indeed an interest to extend this study to hourly com-

parisons for a future study. This study alone is not suffi-

cient to evaluate the performance of a particular gauge

network even though there is a message for a user to use

caution for certain gauge networks. In any case, there is

a merit to conduct the experimental studies like this

whenever and wherever it is possible and report the

findings, so the users will have the knowledge of a par-

ticular gauge type or network. This will also help an or-

ganization to select a gauge type for a field campaign or

long-term operation.
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