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Abstract. Evaporation from a precipitation gauge can cause

errors in the amount of measured precipitation. For auto-

mated weighing-bucket gauges, the World Meteorological

Organization (WMO) suggests the use of evaporative sup-

pressants and frequent observations to limit these biases.

However, the use of evaporation suppressants is not always

feasible due to environmental hazards and the added cost of

maintenance, transport, and disposal of the gauge additive. In

addition, research has suggested that evaporation prior to pre-

cipitation may affect precipitation measurements from auto-

recording gauges operating at sub-hourly frequencies. For

further evaluation, a field campaign was conducted to mon-

itor evaporation and its impacts on the quality of precipita-

tion measurements from gauges used at U.S. Climate Refer-

ence Network (USCRN) stations. Two Geonor gauges were

collocated, with one gauge using an evaporative suppressant

(referred to as Geonor-NonEvap) and the other with no sup-

pressant (referred to as Geonor-Evap) to evaluate evaporative

losses and evaporation biases on precipitation measurements.

From June to August, evaporative losses from the Geonor-

Evap gauge exceeded accumulated precipitation, with an av-

erage loss of 0.12 mm h−1. The impact of evaporation on pre-

cipitation measurements was sensitive to the choice of calcu-

lation method. In general, the pairwise method that utilized

a longer time series to smooth out sensor noise was more

sensitive to gauge evaporation (−4.6 % bias with respect to

control) than the weighted-average method that calculated

depth change over a smaller window (<+1 % bias). These

results indicate that while climate and gauge design affect

gauge evaporation rates, computational methods also influ-

ence the magnitude of evaporation biases on precipitation

measurements. This study can be used to advance quality in-

surance (QA) techniques used in other automated networks

to mitigate the impact of evaporation biases on precipitation

measurements.

1 Introduction

In situ observations of precipitation are an integral compo-

nent of hydrological studies (drought, flooding, etc.), and

are often used to correct and validate radar, satellite, and

modeled estimates of precipitation (Wang and Wolff, 2010).

However, point measurements of precipitation have well

known biases (Sevruk and Hamon, 1984; Goodison et al.,

1981; Lanza et al., 2005; and Sieck et al., 2007) (e.g., wind,

gauge evaporation, wetting factor, and observer errors) that

impact the quality of precipitation measurements. Interna-

tional studies organized by the World Meteorological Orga-

nization (WMO) have fostered partnerships and collabora-

tions since the 1990s focused on these sources of error in an

effort to improve precipitation measurements (Sevruk et al.,

2009). A majority of these investigations have concentrated

on wind-induced undercatch and the development of meth-

ods to correct for such errors (Sevruk et al., 2009). How-

ever, for automated networks with well-shielded precipita-

tion gauges, such as the U.S. Climate Reference Network

(USCRN), gauge evaporation is also an important source of

observational error to consider.

Yang et al. (1998) defines gauge evaporation errors as the

amount of precipitation loss prior to observation, which sug-

gests that the effects of gauge evaporation can be mitigated
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Table 1. The set of quality control checks both QA methods apply during the evaluation of depth change.

Check description Constraint

Gauge capacity (max. gauge depth) 600 mm (most gauges)

Sensor health (min. gauge depth) Less than −10 mm

Gauge maintenance (max. depth change) 25 mm 5 min−1

Precipitation threshold (min. depth change) 0.2 mm 5 min−1

with frequent observations as noted in WMO (2008). The

magnitude of evaporative loss from precipitation gauges vary

by season (Dunne and Leopold, 1978; Aaltonen et al., 1993;

Strangeways, 2004) and are more pronounced in warm-dry

climates (WMO, 2008), due to greater evaporative demand.

Gauge design has also been found to affect evaporation rates

(Sevruk, 1974; Golubev et al., 1992). Gauges with an open

(no-funnel) reservoir had higher evaporation rates as the in-

ternal moisture (internal reservoir and walls) is more ex-

posed to the atmosphere. Golubev et al. (1992) noted the

automated non-funnel capped Tretyakov gauge had evapo-

ration rates (1.15 mm day−1) 6 times greater than the man-

ual funnel-capped standard 8′′ gauge (0.19 mm day −1) used

at National Weather Service (NWS) Cooperative Observer

Program (COOP) stations. Precipitation biases due to gauge

evaporation can be up to 4 % (WMO, 2008), which is nearly

equivalent to the 5 % annual average change in precipitation

reported in the most recent National assessment (Walsh et al.,

2014). To improve the quality of precipitation measurements,

the WMO (2008) suggest taking observations frequently to

reduce the magnitude of evaporation per observation cycle

and making use of evaporative suppressants.

However, recent research comparing USCRN with COOP

stations indicate gauge evaporation can bias observations

even when taken frequently at a sub-hourly rate (Leeper et

al., 2015a). The USCRN monitors precipitation at a 5 min

frequency from a well-shielded automated funnel-less gauge

whereas COOP stations operate a manual funnel-capped

gauge that is checked daily. Despite COOP stations monitor-

ing precipitation from an unshielded gauge, USCRN obser-

vations of precipitation (daily aggregated sum of sub-hourly

data) were slightly less than COOP by 1.5 % (Leeper et al.,

2015a). Network differences were not as large for northern-

located station pairs that had a greater percentage of frozen

hydrometeors, which are more sensitive to surface wind and

where gauge shielding has a more dominant impact on catch

efficiency (Leeper et al., 2015a). Overall, these results are

contrary to other studies that found unshielded gauges tended

to report 4 to 11 % less precipitation for liquid hydrometeors

(Golubev et al., 1992; and Duchon and Essenberg, 2001), al-

though neither included the Geonor gauge used at USCRN

stations. A portion of the dry bias between USCRN and

COOP, among others (i.e., wetting factor, observer error),

was thought to be attributed to computational methods within

the quality assurance (QA) system that may be sensitive to

sensor noise and gauge evaporation (Leeper et al., 2015a).

Further analysis of the QA system, using synthetic precip-

itation events of a known precipitation signal revealed the

method used to calculate depth change was sensitive to sim-

ulated gauge evaporation and sensor noise signals (Leeper et

al., 2015b). In these cases, evaporative decreases in gauge

depth occurring immediately prior to a precipitation event

lead to overestimates of the initial gauge depth, which re-

sulted in an underestimate of total depth change (current

minus initial gauge depths) or precipitation (Leeper et al.,

2015b). These results ultimately lead to the development of

a new QA system that was less sensitive to sensor noise and

gauge evaporation in the same synthetic precipitation event

tests (Leeper et al., 2015b). These studies suggest that while

evaporative demand and precipitation gauge design influence

gauge evaporation rates, the techniques used in QA meth-

ods to evaluate depth change (quantify precipitation) also im-

pact the magnitude of gauge evaporation bias on precipitation

measurements.

To evaluate the impact of gauge evaporation on QA pro-

cesses, a field experiment was conducted over the summer

of 2013 with two Geonor T-200B all-weather precipitation

gauges equipped with redundant load sensors and initialized

with and without an evaporative suppressant. The purpose of

this study is to quantify evaporative losses from the Geonor

gauge used at USCRN stations and evaluate the effectiveness

of calculation methods to monitor precipitation at sub-hourly

frequency without the use of evaporative suppressants. To the

authors’ knowledge, this is the first study to quantify evapo-

rative losses from the Geonor T-200B gauge. Given that the

impacts of gauge evaporation on precipitation measurements

extends to other networks beyond the USCRN, this study

may provide valuable insights to the development of QA

methods that are less sensitive to gauge evaporative biases.

This is particularly true for networks operating gauges with

an exposed reservoir and an insufficient quantity of evapora-

tive suppressant.

2 Algorithm descriptions

Since detailed descriptions of both methods and compar-

isons are provided in Leeper et al. (2015b), brief descrip-

tions of the two QA methods are provided here as a reference.

The two QA methods evaluated in this study were both de-

signed for the same USCRN precipitation system. For this
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Figure 1. Photographs of the Geonor T200B gauge (a) interior out-

fitted with redundant sensors and (b) looking through the gauge

opening to the exposed interior reservoir.

reason, both methods share the same QA checks noted in

Baker et al. (2005) and identified in Table 1. These checks

ensure the gauge is operating normally; within gauge capac-

ity (600 mm for the gauges used in this study) and with func-

tioning load sensors (failing sensors report negative gauge

depths). To identify instances of gauge maintenance (which

often includes sensor calibration), a maximum depth change

of 25 mm per 5 min period is also applied. A minimum depth

change (detection) limit of 0.2 mm is also used to reduce

the occurrence of false precipitation estimates due to sensor

noise (C. B. Baker, personal communication, 2015). How-

ever, the accuracy of the gauge above this minimum detec-

tion limit is 0.1 mm (i.e., QA methods can report increases in

gauge depth of 0.3 mm). In both algorithms, if any of the load

sensors fail these checks it is not used to evaluate precipita-

tion. Moreover, the primary difference between the two QA

algorithms is how a single depth change is computed from

the triplicate measurements from each gauge as described in

the proceeding paragraphs.

The initial QA methodology computes depth change for

each load sensor as the current depth minus a 2 h average

of previous gauge depths (to smooth sensor noise), provided

no precipitation has been observed in the preceding 2 h. If

precipitation has been observed, depth change is calculated

as the difference between the current depth and the depth at

the time of last reported precipitation. Once the individual

depth changes (deltas) are computed for each of the three

load sensors, they are compared to one another using a pair-

wise approach to determine which load sensors (also referred

to as wires) will be used in the final calculation. This is simi-

lar to the approach USCRN uses to integrate redundant mea-

sures of atmospheric temperature. Only wire deltas that agree

to within 0.2 mm pass this check and are used to calculate

precipitation. The wires that pass the pairwise check are av-

eraged together using a simple arithmetic mean. As a final

check, if a collocated rain detector has detected precipitation

for this period, the mean is rounded to the nearest 10th dec-

imal place and recorded as precipitation. This approach is

referred to as the pairwise method throughout the remainder

of this study with additional information provided in Leeper

et al. (2015b).

A more recent approach was developed that computes

depth change over the 5 min sub-hourly period (current depth

minus most recent depth) for each load sensor. This is similar

to the way a human observer might process the gauge data

and is one of the fundamental differences between the two

methods. Previous gauge data (2 h) is used in this approach

to weight each wire by the inverse of its variance (a measure

of sensor noise) from the three-wire delta mean. Precipitation

is then calculated from the weighted average of the three load

sensors and rounded to the nearest 0.1 mm, provided precipi-

tation has been detected by the collocated rain detector. This

approach will be referred to as the wAvg method for the re-

mainder of this study. Additional details regarding the func-

tion and performance of this approach is also available in

Leeper et al. (2015b).

3 Methodology

To observe precipitation, the USCRN uses the all-weather

Geonor T-200B gauge equipped with three redundant load

sensors as shown in Fig. 1a. Each of the load sensors has

an internal wire that when plucked vibrates at a frequency

that changes with the tension on the wire as described by

Duchon (2008). When calibrated, the resonant frequency of

the wire is converted to gauge depth, which is used to mon-

itor precipitation (Leeper et al., 2015b). The redundant ob-

servation system preserves the quality and the continuity of

the data record by allowing QA processes to detect and re-

move degraded or failing sensors while reducing the fre-

quency of data gaps as the additional sensors continue to
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Figure 2. Image of Geonor-Evap (blue arrow) and Geonor-NonEvap (red arrow) gauges used in this study.

operate (Leeper et al., 2015b). In addition to supporting re-

dundant monitoring, the Geonor gauge is also designed with

an open vertical shaft (Fig. 1b) to limit splashing out (hy-

drometers splashing out of the gauge) and snow/ice capped

(orifice) errors. The USCRN Geonor gauges also have inlet

heaters installed on them to prevent orifice capping caused

by snow and ice; however, these heaters are only operated at

freezing temperatures and were never activated during this

study.

Unfortunately, this design also exposes the internal reser-

voir to the atmosphere, resulting in gauge evaporation if a

suppressant is not used. The USCRN does not use an evap-

orative suppressant in network gauges unless it is necessary

for the operation of the gauge. For instance, most northern

stations during winter will have a suppressant mixture to

limit the evaporation of antifreeze used to melt frozen hy-

drometeors so the gauge can continue to report liquid equiv-

alent precipitation totals. These suppressants are not added

to all gauges, and when applied are only used over the winter

season. Moreover, gauge evaporation biases are still a factor

over summer months when evaporative demand is higher.

To quantify evaporation rates from the Geonor gauge

and evaluate QA performance, a field experiment was per-

formed over the 2013 summer (June to August) at the

NOAA/FAA/NCAR Winter Precipitation Test Bed in Mar-

shall, CO (described in Rasmussen et al., 2012). The cam-

paign consisted of two identical Geonor T-200B gauges sur-

rounded by double-Alter shields that were collocated within

10 m as shown in Fig. 2. The northern gauge (Geonor-

Evap) was setup without an evaporative suppressant with an

initial gauge depth of ∼ 277 mm. The Geonor-Evap gauge

was compared the control gauge Geonor-NonEvap, which

had an evaporative suppressant mixture of antifreeze (60 %

methanol and 40 % glycol) and 300 mL of automatic trans-

mission fluid added to limit gauge evaporation. Observa-

tions from redundant load sensors in both gauges were stored

every minute. Using an independent rain detector (Vaisala

DRD11A, Helsinki, Finland) to differentiate between wet

and dry periods, changes in gauge depth from the paired

gauges were used to quantify evaporative loss (during dry pe-

riods) and evaluate biases as a result of evaporation on pre-

cipitation measurements during rainy conditions. This rain

detector was installed on a tower located 10 m from the two

gauges at a height of 1.5 m.

The most direct approach to quantify evaporative loss from

the Geonor gauge is to compare depth changes between

Geonor-Evap and Geonor-NonEvap gauges over dry periods.

Changes in depth were evaluated hourly from 1 min obser-

vations by subtracting the last minute depth from the first,

and then averaging over the redundant sensors in each gauge.

To evaluate the sensitivity of gauge evaporation to atmo-

spheric conditions, air temperature (Thermometrics 1000�

Platinum Resistance Thermometer housed in a MetOne

0766B Fan Aspirated Radiation Shield), humidity (Vaisala

HMT337), and wind speed (MetOne 014A Wind Speed Sen-

sor) were also monitored throughout the study period from

a height of 1.5 m. The sensors that monitor these variables

were located on separate towers near the study gauges with

temperature, humidity, and wind speed measurements taken

approximately 10, 37, and 67 m away respectively. In addi-

tion, a USB temperature logger (EL-USB-1) was submerged

within the reservoir of the Geonor-Evap gauge to monitor the

internal water temperature.

To evaluate QA performance, gauge data from the

collocated Geonor-Evap and Geonor-NonEvap gauges

were processed through two QA systems for precipi-

tation and compared, resulting in a total of four se-

ries: Geonor-Evap_wAvg, Geonor-Evap_pairwise, Geonor-

NonEvap_wAvg, and Geonor-NonEvap_pairwise. To con-

form to the USCRN 5 min temporal resolution that is re-

quired by the QA methods, the 1 min observations from the

experimental gauges were subsampled to 5 min periods by
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Figure 3. Hourly three-wire mean depth change over the 3-month

study period in 2013.

simply taking the 1 min observation corresponding to each

5 min period of the hour (0, 5, 10, 15, . . . , 55). Precipi-

tation comparisons between Geonor-Evap and the Geonor-

NonEvap (control) gauges using the same QA algorithm will

reveal how sensitive each method is to gauge evaporation.

In other words, QA reported precipitation should be similar

between the two gauges if gauge evaporation is not a factor.

Differences were analyzed over the 3-month study period and

for each precipitation event, with events defined as a contin-

uous period of precipitation with a 2 h period of no precip-

itation at the beginning and end of each event. While QA

algorithm differences from the same gauge (Geonor-Evap or

Geonor-NonEvap) are expected, this is not the focus of this

study, which already has been extensively analyzed in Leeper

et al. (2015b).

4 Results

4.1 Study period conditions

Over the 3-month study period, air temperature and total

precipitation were typical of Boulder Colorado summers

(COOP 050848; http://www.wrcc.dri.edu/cgi-bin/cliMAIN.

pl?co0848) that have an average (1893–2013) temperature

and precipitation total of 21.2 ◦C and 131.3 mm respectively.

Air temperature ranged from 34.3 to 5.7 ◦C with a slightly

warmer mean (21.3 ◦C) than the gauge evaporation study

conducted in Valdai Russia by Golubev et al. (1992). The

atmosphere was also drier with mean relative humidity and

dew point temperatures of 44.6 % and 7.6 ◦C respectively.

These conditions were ideal for a gauge evaporation field

study, which was reflected in large vapor pressure deficits

of 2.6 kPa on average. Vapor pressure deficit, the differ-

ence between vapor pressure of saturated air and current at-

mosphere conditions, is directly proportional to evaporation

rates (Dunne and Leopold, 1978). From June to August, there

were a total of 29 precipitation events (continuous precipita-

Figure 4. Box plots of the three-load sensor hourly mean depth

change over the dry period from Geonor-Evap (σ = 0.12) and

Geonor-NonEvap (σ = 0.04) gauges.

tion with 2 or more hours of no precipitation between events),

totaling 244 h of atmospheric wetness as observed from the

nearby rain detector. The results include two subsections: dry

conditions to quantify evaporative loss from Geonor gauges,

and wet conditions to evaluate the impact of gauge evapora-

tion on reported precipitation.

4.2 Dry conditions

Comparisons of depth change between gauges clearly reveal

an evaporation signal (Fig. 3). Over the 3-month study pe-

riod, evaporative losses from the Geonor-Evap gauge totaled

228.5 mm over dry non-rainy hours. Similar losses in gauge

depth were not reported from the Geonor-NonEvap gauge

(2.6 mm). Average hourly losses from Geonor-Evap and

Geonor-NonEvap gauges over the dry period were 0.1 and

0.0 mm h−1 respectively. The Geonor-NonEvap gauge had a

smaller distribution of hourly depth change over the dry pe-

riod that was more symmetric (about zero) than the Geonor-

Evap gauge (Fig. 4), which over the study period averaged to

zero. Variations in depth from the Geonor-NonEvap gauge

are likely the result of sensor noise caused by tempera-

ture and wind speed variations described by Duchon (2008).

In addition, the Geonor-NonEvap gauge has a smaller root

mean squared error (RMSE) of 0.04 mm than the Geonor-

Evap gauge (0.16 mm), assuming any change in gauge depth

over dry periods is considered an error. The mean reductions

in depth from the Geonor-NonEvap gauge were of similar

magnitude to the NWS standard 8′′ gauge reported in the

Golubev et al. (1992) study. The larger variations in depth

change from the Geonor-Evap gauge suggest that the gauge

evaporation signal is larger than sensor noise and causes a

negative bias in depth change. Depth changes over the dry pe-

riod from the Geonor-NonEvap gauge were considered neg-

ligible with average losses, and RMSE values were less than

the accuracy of the instrument (0.1 mm).

Evaporative losses from the Geonor-Evap gauge were

well correlated with atmospheric conditions conducive to

www.atmos-meas-tech.net/8/2291/2015/ Atmos. Meas. Tech., 8, 2291–2300, 2015
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Figure 5. Hourly three-wire mean depth change over dry periods for Geonor-Evap and Geonor-NonEvap gauges by (a) air temperature,

(b) relative humidity, (c) air-vapor pressure deficit, and (d) surface wind speed.

Figure 6. Hourly mean (a) three-wire depth change over dry peri-

ods for Geonor-Evap and Geonor-NonEvap gauges and (b) air and

water temperatures and air-vapor pressure deficit over the diurnal

cycle.

evaporation. Hourly depth changes from the Geonor-Evap

gauge were generally more negative during warm (Fig. 5a)

and dry (Fig. 5b and c) conditions when evaporative de-

mand was highest. However, surface winds seemed to have

a smaller impact on gauge evaporation, with large reductions

(−0.5 mm h−1) in gauge depth observed regardless of wind

speed (Fig. 5d). The lack of an apparent relationship with

wind speed may be due to the fact that the volume of air

within the gauge is well shielded from the wind and that

convection caused by solar heating of the gauge dominates

the exchange rather than wind-driven mixing in this setup.

Hourly increases in gauge depth at lower winds speeds (be-

tween 0 and 2 m s−1), which reduced with increasing wind

speed, may be related to the lack of an evaporation sig-

nal where gauge depth changes would be driven by sensor

noise (slight positive and negative changes as shown from

Geonor-NonEvap) and or condensation buildup on the gauge

reservoir during the early morning hours when surface winds

were generally calm. However, this was not fully explored

in this study. For the Geonor-NonEvap gauge, changes in

gauge depth were generally smaller than Geonor-NonEvap

and symmetric about zero regardless of atmospheric condi-

tions.

Similarly, diurnal variations in gauge depth were larger

for the Geonor-Evap than Geonor-NonEvap gauge (Fig. 6a).

Over the diurnal cycle, Geonor-Evap depth change was

mostly negative, with the largest average reduction of

0.2 mm h−1 at 18:00 LT when reservoir (water) temperatures

were warmest (Fig. 6b). Over evening hours, mean hourly

losses from Geonor-Evap gauge were moderated compared

to daylight hours as the evaporation demand decreased. The

Atmos. Meas. Tech., 8, 2291–2300, 2015 www.atmos-meas-tech.net/8/2291/2015/
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Table 2. Reported precipitation event totals from the Geonor-Evap and Geonor-NonEvap gauges and gauge differences (Geonor-Evap –

Geonor-NonEvap) using pairwise and wAvg algorithms.

Geonor-Evap Geonor-NonEvap Gauge Difference

EventID Pairwise (mm) wAvg (mm) Pairwise (mm) wAvg (mm) Pairwise (mm) wAvg (mm)

1 2.2 2.3 2.1 2.0 0.1 0.3

2 0.0 0.3 0.0 0.2 0.0 0.1

3 0.0 0.0 0.3 0.3 −0.3 −0.3

4 5.1 5.5 5.6 5.4 −0.5 0.1

5 3.3 3.7 3.7 3.7 −0.4 0.0

6 1.5 1.6 1.4 1.5 0.1 0.1

7 0.6 0.6 0.6 0.6 0.0 0.0

8 0.8 0.9 0.8 0.9 0.0 0.0

9 0.3 0.2 0.0 0.3 0.3 −0.1

10 0.0 0.2 0.2 0.3 −0.2 −0.1

11 0.0 0.0 0.2 0.2 −0.2 −0.2

12 0.2 0.0 0.2 0.2 0.0 −0.2

13 6.7 7.0 6.6 6.8 0.1 0.2

14 3.8 3.9 3.6 3.6 0.2 0.3

15 0.7 0.8 0.5 0.7 0.2 0.1

16 0.6 0.6 0.5 0.5 0.1 0.1

17 0.3 0.5 0.3 0.3 0.0 0.2

18 0.0 0.3 0.3 0.3 −0.3 0.0

19 16.7 17.2 16.9 16.8 −0.2 0.4

20 0.3 0.4 0.5 0.7 −0.3 −0.3

21 3.5 3.7 3.4 3.6 0.1 0.1

22 0.0 0.3 0.3 0.3 −0.3 0.0

23 5.2 5.3 5.2 5.2 0.0 0.1

24 0.0 0.2 0.3 0.3 −0.3 −0.1

25 4.4 4.7 4.7 4.8 −0.3 −0.1

26 1.4 1.6 1.8 1.7 −0.4 −0.1

27 0.0 0.3 0.6 0.4 −0.6 −0.1

28 0.0 0.0 0.0 0.2 0.0 −0.2

29 0.0 0.2 0.0 0.3 0.0 −0.1

Total 57.6 62.3 60.6 62.1 −3.0 0.2

reduction in evaporative demand suggests that depth vari-

ations from the Geonor-Evap gauge may have been influ-

enced more by sensor noise (similar to Geonor-NonEvap)

as noted earlier, which may help to explain the small mean

increase (+0.03 mm) in gauge depth at 05:00 LT. A di-

urnal signal was also detected from the Geonor-NonEvap

gauge due to sensor noise, which had a much smaller ampli-

tude and dissimilar periodicity (timing of peak and trough)

compared to the Geonor-Evap gauge. The largest average

decrease (0.04 mm h−1) over the diurnal scale from the

control (Geonor-NonEvap) gauge was much smaller than

changes reported from Geonor-Evap gauge. However, it

is interesting to note that the Geonor-Evap and Geonor-

NonEvap gauges both experienced small positive depth

changes (∼+0.03 mm) at 05:00 LT. The coincident timing

may indicate that on days when condensation buildup oc-

curred (likely not every day) it was observed within the same

hour for both gauges even though the mean depth change was

well below the 0.1 mm accuracy of the gauge.

4.3 Wet conditions

The impact of gauge evaporation on calculated precipitation

was discernable, but dependent on the QA method. Precipita-

tion differences between Geonor-Evap and Geonor-NonEvap

gauges were generally larger when using the pairwise algo-

rithm (Fig. 7). Overall, the pairwise method reported 3.0 mm

(4.9 %) more precipitation from the Geonor-NonEvap than

Geonor-Evap gauge, with the Geonor-NonEvap gauge re-

porting 0.1 mm more precipitation per event (see Table 2).

The wAvg algorithm reported 0.2 mm (−0.3 %) less pre-

cipitation from the Geonor-NonEvap gauge for a negligible

average event difference of +0.01 mm event−1. Time series

of the accumulated precipitation difference between gauges

(Geonor-Evap minus Geonor-NonEvap) reveal that the pair-

wise method consistently reported more precipitation from
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Figure 7. Accumulated precipitation differences between Geonor-

Evap and Geonor-NonEvap gauges (Geonor-Evap – Geonor-

NonEvap) computed from pairwise and wAvg calculation methods.

the Geonor-NonEvap gauge (Fig. 7). Conversely, wAvg dif-

ferences were variable in sign, which was likely caused by

natural variations in the spatial distribution of precipitation

and other sources of gauge (sensor noise) error.

Examination of QA processes revealed that methods used

to determine depth change within the algorithms impacted

their sensitivity to gauge evaporation. To compute depth

change, both QA methods difference the current gauge depth

from a reference depth (currentDepth – referenceDepth).

Pairwise, which calculates a reference depth at the beginning

of an event as the average of previous depths (2 h), tended to

report negative depth changes prior to precipitation events

(Fig. 8a–f) from the Geonor-Evap gauge. In other words,

the time-averaged (2 h) reference depth was greater than the

current depth, resulting in a gauge evaporation deficit. This

biases total precipitation lower since positive increases in

gauge depth must surpass the evaporation deficit to be de-

tected. The wAvg method computes depth change over a

smaller 5 min period, and therefore the magnitude of evap-

orative losses over the calculation window is smaller than

pairwise method. As a result, the wAvg method has a much

smaller evaporation deficit compared to pairwise evident

from Fig. 8a–f. In event 18, the overestimation of reference

depths using the pairwise method resulted in missed precipi-

tation that was captured by the wAvg method. For this same

event, precipitation was calculated with the pairwise method

having little or no negative depth change (not shown) prior

to precipitation from the Geonor-NonEvap (control) gauge,

suggesting that QA processes within pairwise were not the

cause of the precipitation bias. For the wAvg method, the

same total precipitation (0.3 mm) for event 18 was reported

from both Geonor-Evap and Geonor-NonEvap gauges, sug-

gesting this method was less sensitive to gauge evaporation.

In addition to under-reporting total precipitation, poor eval-

uations of reference depths due to gauge evaporation bias

caused the pairwise algorithm to report precipitation later in

time for event 25 (Fig. 8c and d) and with different sub-

hourly intensities for event 16 (Fig. 8e and f) relative to

wAvg. Shifts in the timing and intensity of precipitation can

occur when precipitation events start off light (low precipi-

tation rates) and changes in gauge depth over the initial cou-

ple of 5 min periods using the pairwise approach are not suf-

ficient to overcome the evaporation deficit and exceed the

0.2 mm threshold.

5 Conclusions

The gauge evaporation field campaign revealed that evapora-

tion from the Geonor T200B all-weather precipitation gauge,

used by the USCRN network, was extensive and larger

(greater RMSE values) than variations in gauge depth due

to sensor noise observed from the Geonor-NonEvap gauge.

Hourly evaporation rates from the Geonor-Evap gauge were

on average 0.1 mm, but had higher evaporation rates during

daylight hours, particularly during the afternoon period. Ac-

cumulated evaporative loss over the dry period (no precipi-

tation) from the Geonor-Evap gauge was 228.5 mm over the

3-month study period, which cannot be explained by sensor

noise alone. Over this same time period, the control gauge

(Geonor-NonEvap) with an evaporative suppressant lost a

fraction of that amount (2.6 mm) with a distribution of depth

changes nearly systemic about zero (small positive and neg-

ative depth change). The larger depth variations from the

Geonor-Evap gauge suggest that gauge evaporation has a

more significant effect on gauge depth measurements than

sensor noise.

In line with previous studies, evaporative losses were more

pronounced during dry conditions when evaporative demand

was greater (dry and warm conditions during the afternoon

hours). However, as evaporative demand diminished over the

evening hours, sensor noise seemed to become a more domi-

nate source of depth variations from the Geonor-Evap gauge.

The change in dominate error sources between evaporation

(daylight hours) or sensor noise (nocturnal hours) combined

with condensation buildup may help to explain the small

positive mean depth change during the early morning hours

(05:00 LT) and the larger diurnal range in mean depth change

from the Geonor-Evap gauge over dry hours. These results

suggest that precipitation gauges sensitive to evaporation can

experience greater diurnal oscillations in gauge depth if an

insufficient amount of an evaporation suppressant is in the

gauge. The larger variations may further challenge QA pro-

cesses that try to distinguish between noise and precipitation

without a collocated instrument (precipitation detector) that

can monitor the presence of precipitation.

Gauge evaporation impacted precipitation measurements

from the two QA methods differently. The algorithm aver-

aging past gauge data to minimize the effects of wire noise

(pairwise) and evaluate depth change had larger differences

between the Geonor-Evap and Geonor-NonEvap (control)

Atmos. Meas. Tech., 8, 2291–2300, 2015 www.atmos-meas-tech.net/8/2291/2015/



R. D. Leeper and J. Kochendorfer: Evaporation from weighing precipitation gauges 2299

Figure 8. Left: sub-hourly computed depth changes from pairwise and wAvg algorithms and (right) reported sub-hourly precipitation from

the Geonor-Evap gauge for precipitation events 18 (a and b), 25 (c and d), and 16 (e and f).

gauges compared to the wAvg approach. This was attributed

to the length of the calculation period used to determine

depth change. The pairwise approach has a much larger cal-

culation period (2 h) compared to the wAvg method that cal-

culates depth change over a 5 min period. Moreover, the mag-

nitude of evaporative losses that occur over the calculation

period will be larger for the pairwise than wAvg method, in-

creasing its sensitivity to gauge evaporation. The shorter cal-

culation period may help to explain why the wAvg method

resulted in much smaller discrepancies in precipitation totals

between the Geonor-Evap and Geonor-NonEvap gauges over

the study period.

The performance of the wAvg algorithm to account for

gauge evaporation in field tests agrees with an earlier study

using synthetic precipitation events and simulated gauge

evaporation rates (Leeper et al., 2015b). These combined

studies demonstrate that the wAvg approach to calculating

precipitation is less sensitive to gauge evaporation than the

pairwise algorithm and is a more suitable method to monitor

USCRN station precipitation. Additionally, these studies also

suggest that while gauge design and atmospheric conditions

affect gauge evaporation rates, algorithms used to evaluate

depth change can influence the magnitude of evaporation bi-

ases on precipitation measurements, as suggested by Sevruk

et al. (2009). This is important for networks wanting to mon-

itor precipitation from protected wilderness areas where the

use of evaporative suppressants may be restricted or where

the additional maintenance and disposal of the additive is too

costly. This may also be of interest to networks that typically

use suppressants to ensure that QA methods do not compro-

mise measurement accuracy when an insufficient quantity of

a suppressant is in a gauge over the summer months.

However, additional follow-up studies covering longer

time spans (over multiple evaporation seasons) from addi-

tional locations is necessary to evaluate these results fur-

ther. In addition, this does not suggest that evaporative sup-

pressants are unnecessary year round. In a network like the

USCRN that is designed to measure both solid and liquid pre-

cipitation, evaporation suppressants must still be used during

the winter to suppress the evaporation of antifreeze chem-

icals necessary to measure the liquid equivalent of frozen

hydrometeors. With that said, this short-term field study

demonstrates that the wAvg algorithm limits the effects of

gauge evaporation over summer months, improving the accu-

racy of the USCRN precipitation record. This study will help

guide the development and evaluation of precipitation algo-

rithms for weighing bucket gauges that are prone to evapora-

tion, which extends beyond the Geonor gauge and USCRN

setup. To foster additional studies and collaboration, the field

campaign data presented here are available as an online sup-
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plement for others to evaluate the effects of gauge evapora-

tion on their QA methods.
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