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Solid Precipitation Measurement Intercomparison in
Bismarck, North Dakota, from 1988 through 1997

By Karen R. Ryberg, Douglas G. Emerson, and Kathleen M. Macek-Rowland

Abstract

A solid precipitation measurement intercomparison was
recommended by the World Meteorological Organization
(WMO) and was initiated after approval by the ninth session
of the Commission for Instruments and Methods of Observa-
tion. The goal of the intercomparison was to assess national
methods of measuring solid precipitation against methods
whose accuracy and reliability were known. A field study was
started in Bismarck, N. Dak., during the 1988—89 winter as
part of the intercomparison. The last official field season of the
WMO intercomparison was 1992-93; however, the Bismarck
site continued to operate through the winter of 1996-97.

Precipitation events at Bismarck were categorized as
snow, mixed, or rain on the basis of descriptive notes recorded
as part of the solid precipitation intercomparison. The rain
events were not further analyzed in this study. Catch ratios
(CRs)—the ratio of the precipitation catch at each gage to the
true precipitation measurement (the corrected double fence
intercomparison reference)—were calculated. Then, regression
analysis was used to develop equations that model the snow
and mixed precipitation CRs at each gage as functions of wind
speed and temperature. Wind speed at the gages, functions
of temperature, and upper air conditions (wind speed and air
temperature at 700 millibars pressure) were used as possible
explanatory variables in the multiple regression analysis
done for this study. The CRs were modeled by using multiple
regression analysis for the Tretyakov gage, national shielded
gage, national unshielded gage, AeroChem gage, national
gage with double fence, and national gage with Wyoming
windshield.

As in earlier studies by the WMO, wind speed and air
temperature were found to influence the CR of the Tretyakov
gage. However, in this study, the temperature variable repre-
sented the average upper air temperature over the duration of
the event. The WMO did not use upper air conditions in its
analysis.

The national shielded and unshielded gages where found
to be influenced by functions of wind speed only, as in other
studies, but the upper air wind speed was used as an explana-
tory variable in this study. The AeroChem gage was not used
in the WMO intercomparison study for 1987-93. The Aero-
Chem gage had a highly varied CR at Bismarck, and a number

of variables related to wind speed and temperature were used
in the model for the CR. Despite extensive efforts to find a
model for the national gage with double fence, no statisti-
cally significant regression model was found at the 0.05 level
of statistical significance. The national gage with Wyoming
windshield had a CR modeled by temperature and wind speed
variables, and the regression relation had the highest coef-
ficient of determination (R? = 0.572) and adjusted coefficient
of multiple determination (R* = 0.476) of all of the models
identified for any gage.

Three of the gage CRs evaluated could be compared with
those in the WMO intercomparison study for 1987-93. The
WMO intercomparison had the advantage of a much larger
dataset than this study. However, the data in this study repre-
sented a longer time period. Snow precipitation catch is highly
varied depending on the equipment used and the weather
conditions. Much of the variation is not accounted for in the
WMO equations or in the equations developed in this study,
particularly for unshielded gages.

Extensive attempts at regression analysis were made
with the mixed precipitation data, but it was concluded that
the sample sizes were not large enough to model the CRs.
However, the data could be used to test the WMO intercom-
parison equations. The mixed precipitation equations for the
Tretyakov and national shielded gages are similar to those for
snow in that they are more likely to underestimate precipita-
tion when observed amounts were small and overestimate
precipitation when observed amounts were relatively large.
Mixed precipitation is underestimated by the WMO adjust-
ment and the national unshielded gage. Results show that the
precision of snow and mixed precipitation measurement varies
greatly depending on the equipment used and the weather
conditions. Mixed precipitation catch is highly varied, and
both mixed and snow catch is highly varied for unshielded

gages.

Introduction

In 1985, the International Workshop on Correction of
Precipitation Measurements recommended that the World
Meteorological Organization (WMO) organize a solid
precipitation measurement intercomparison to assess national
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methods of measuring solid precipitation against methods
whose accuracy and reliability were known, including past and
current procedures, automated systems, and new methods of
observation. The intercomparison was initiated after approval
by the ninth session of the Commission for Instruments and
Methods of Observation (CIMO-IX). The intercomparison’s
goal was to

1. determine wind related errors in national methods of mea-
suring solid precipitation,

2. derive standard methods for adjusting solid precipitation
measurements, and

3. introduce a reference method of solid precipitation mea-
surement for general use to calibrate any type of precipita-
tion gage (Goodison and others, 1998).

Intercomparison field studies were started in some coun-
tries during the 1986—87 winter. The field study in Bismarck,
N. Dak., began during the 1988—89 winter. The last official
field season of the WMO intercomparison was 1992-93,
and data from 1987 through 1993 were analyzed (Goodison
and others, 1998). Some sites, including the Bismarck site,
continued to operate after 1993. The last field season for the
Bismarck site was 199697, and data collected at the site after
1992-93 have not been published or analyzed previously.

The WMO intercomparison found that discrepancies
of as much as 110 percent existed among snowfall records
from various national gages (Yang and others, 2001). On the
basis of the intercomparison results, regression equations
were developed by the WMO to model the catch ratio (CR)
of the various solid precipitation instrumentation. The CR is a
measure of the relative catch efficiency of a gage as compared
to a reference gage, defined to be the true measure of precipi-
tation (Goodison and others, 1998). The reference gage for the
WMO intercomparison and this study was the double fence
intercomparison reference (DFIR) having a Tretyakov gage.

WMO regression equations, based on a combined inter-
national dataset collected by the WMO Solid Precipitation
Measurement Intercomparison project, were developed for the
four most widely used nonrecording gages for measurement
of both solid (snow) precipitation and mixed (snow and rain)
precipitation. These equations are necessary to obtain compa-
rable measurements of precipitation because of the differing
types of national standard precipitation gages operated around
the world. The four gages were the Russian Tretyakov gage
(shielded), the Hellmann gage (unshielded and shielded), the
Canadian Nipher gage (a shielded, nonrecording gage), and
the National Weather Service (United States; NWS) 8-inch
(0.203 meter) standard gage (unshielded and shielded). The
precipitation type and gage type combinations resulted in
10 regression equations for CR at the gages.

The study conducted in Bismarck did not use the Hell-
mann or Canadian Nipher gages; however, it included addi-
tional gages: an AeroChem Metrics gage, an NWS (national)
gage with a double fence, and a national gage with a Wyoming

windshield. With the additional data available at Bismarck
from the extended period of operation, regression equations
were developed to model the CR of each of the gages for snow
and mixed precipitation. The equations were compared with
the WMO published regression equations for the respective
gage types (Goodison and others, 1998).

This report describes the solid precipitation measure-
ment intercomparison in Bismarck for data collected from
1988 through 1997. The report (1) publishes the additional
Bismarck data that were not part of the WMO intercompari-
son, (2) describes regression analysis on the Bismarck data
that uses the explanatory variables in the WMO intercom-
parison and additional variables suggested by other research,
(3) describes a comparison of the equations developed in this
report to the WMO equations, and (4) examines the effective-
ness of the regression equations from the WMO study and
those in this report for adjusting the Bismarck data. Regression
equations also were developed for gages not part of the WMO
intercomparison.

Description of Study Area

Instrumentation was located at an elevation of
502 meters (m) [1,647 feet (ft)] above the National Geodetic
Vertical Datum of 1929 (NGVD 29) datum in an open site at
the NWS Forecast Office at the Bismarck Municipal Airport,
lat 46°46'19"N., long 100°45'39"W. The station was on the
east bank of the Missouri River in a shallow basin 11.26 kilo-
meters (km) [7 miles (mi)] wide and 17.70 km (11 mi) long.
The site was almost entirely surrounded by low-lying hills.
The closest hills, 4.83 km (3 mi) to the north and 8.05 km
(5 mi) to the southeast, are about 60.96 to 91.44 m (200 to
300 ft) high. West, across the Missouri River, the land is
more hilly and 91.44 to 182.88 m (300 to 600 ft) higher. The
topographic features do not have a major effect on climate
or prevailing winds (D.G. Emerson, U.S. Geological Survey,
written commun., 1990). Instrumentation included:

1.  One DFIR having a Tretyakov gage (fig. 1). The gage’s
orifice was 0.16 meter (m) [6.3 inches (in.)] in diameter,
0.02 square meter (m?) [36 square inches (in.?)] in receiv-
ing area, and 3.0 m (9.8 ft) above ground.

2. One Tretyakov precipitation gage (fig. 2). The gage’s
orifice was 0.16 m (6.3 in.) in diameter, 0.02 m* (31 in.?)
in receiving area, and 1.4 m (4.6 ft) above ground.

3. One national gage (NWS) equipped with the national
standard windshield (fig. 3). The national gage was a
Belfort Universal Recording Rain Gage (model 5-780).
The gage’s orifice was 0.203 m (8.00 in.) in diameter,
0.13 m? (50 in.?) in receiving area, and 1.4 m (4.6 ft)
above ground. The national standard windshield was an
Alter-Type Windshield.



Figure 1.

One national (NWS) gage without windshield (fig. 4). The
gage was a Belfort Universal Transmitting Precipitation
Gage (model 5915) equipped with an Omnidata Datapod
recorder (model DP111). The gage’s orifice was 0.203 m
(8.00 in.) in diameter, 0.13 m? (50 in.?) in receiving area,
and 1.4 m (4.6 ft) above ground.

The temperature and humidity sensing system of the
NWS (fig. 5).

Wind speed and wind direction sensors (fig. 6). The wind
sensors of the NWS were installed at a height of 6.1 m
(20 ft) above ground and were F—420C systems, Electric
Speed Indicator Co., Cleveland, Ohio. A Met-One Wind
Direction Sensor (model 024A) and Met-One Wind Speed
Sensor (model 014A) were installed at 3.0 m (9.8 ft)
above ground (fig. 64), and a Met-One Wind Speed Sen-
sor (model 014A) was installed at 1.4 m (4.6 ft) above
ground (fig. 6B).

7.

Description of Study Area 3

Double fence intercomparison reference having a Tretyakov gage.

One AeroChem Metrics (model 301) automatic sensing
wet/dry precipitation collector (fig. 7). The orifice was
0.293 m (11.5 in.) in diameter, 0.067 m? (104 in.?) in
receiving area, and 1.4 m (4.6 ft) above ground.

One national (NWS) gage with double fence shield

(fig. 8). The gage was a Belfort Universal Transmitting
Precipitation Gage (model 5915) equipped with an Omni-
data Datapod recorder (model DP111). The gage’s orifice
was 0.203 m (8.00 in.) in diameter, 0.13 m? (50 in.?) in
receiving area, and 3.0 m (9.8 ft) above ground.

One national (NWS) gage with a Wyoming windshield
(fig. 9). The gage was a Belfort Universal Transmitting
Precipitation Gage (model 5915) equipped with an Omni-
data Datapod recorder (model DP111). The gage’s orifice
was 0.203 m (8.00 in.) in diameter, 0.13 m? (50 in.%) in
receiving area, and 1.4 m (4.6 ft) above ground.
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Figure 2. Tretyakov precipitation gage. Figure 2. Continued.

Figure 3. National (National Weather Service) gage Figure 4. National (National Weather Service) gage
equipped with the national standard windshield. without windshield.
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Figure 5. Temperature and humidity sensing
system of the National Weather Service.

Figure 6. Wind speed and wind direction sensors at 3.0-meter height (A) and wind speed sensor at 1.4-meter height (B).
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Figure 7. AeroChem Metrics (model 301) automatic sensing wet/dry precipitation collector.

Figure 8. National (National Weather Service) gage with double fence shield.
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Figure 9. National (National Weather Service) gage with a Wyoming windshield.

Methods

The methods used to install and operate the solid precipi-
tation measurement equipment and other meteorological
observation equipment at the Bismarck station were those
outlined by the WMO for the solid precipitation intercompari-
son (Goodison and others, 1998; Goodison and others, 1989).
Data collection using the same methods continued after the
official intercomparison ended.

Solid Precipitation Event Data

A solid precipitation event was defined as a period of
time during which a discrete precipitation event occurred,
resulting in precipitation accumulation in the DFIR of at least
3 millimeters (Goodison and others, 1998). The temperature
data were determined from NWS hourly observations for the
period of the event. Predominant wind direction was deter-
mined from hourly mean values recorded by the data logger
at the wind direction sensor for the event. Mean event wind
speed at the national standard height (6.1 m) was determined
from NWS hourly observations for the period of the event.
Mean event wind speeds at the orifice height of 1.4 m and at
the orifice height of 3.0 m were determined from hourly mean
values recorded by data loggers at the wind speed sensors
for the event period (unpublished data; D.G. Emerson, U.S.

Geological Survey, written commun., 1990). The mean wind
speed data at the national standard height (6.1 m) were not
used in the analyses, but were published as part of the dataset
for the intercomparison study.

Precipitation data for the event period were obtained from
the manual gages (DFIR, Tretyakov, and AeroChem Metrics)
and data logger recording gages (national standard gage with
an Alter-type windshield, national standard gage without a
windshield, national standard gage with double fence wind-
shield, and national standard gage with a Wyoming wind-
shield). Manual gages can have losses associated with wetting
of devices used for the measurement (Goodison and others,
1998). Wetting losses were eliminated by using a laboratory
digital balance to weigh the collection bucket of the manual
gages to determine a gross weight, discarding the contents
and letting the bucket dry completely, then weighing again
to determine a tare weight. The gross weight minus the tare
weight was the weight of the precipitation collected; this was
then used to determine the precipitation.

In initial exploratory data analysis, an event that began on
November 1, 1992, appeared to be a high outlier for a number
of gages and had precipitation amounts ranging from 0 to
19.8 millimeters. No reason was identified for the great varia-
tion in measurement for this event, but data recording or data
entry errors were suspected. Therefore, data from that event
were removed from the dataset. The data used in this analysis
are listed in table 1.



Table 1. Data collected during solid precipitation measurement intercomparison in Bismarck, N. Dak., from 1988 through 1997.

[m, meters; DFIR, double fence intercomparison reference; adjusted, values adjusted by using equations 1 and 2 in this report; --, no data; R, rain; S, snow; M, mixed precipitation]

Temperature
(degrees Celsius)

Wind speed

Date and time (meters per second)

Precipitation amount (millimeters)
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11/06/1988  11/06/1988 3.9 0.0 1.9 135 4.1 3.5 3.7 5.1 - 4.6 3.3 - 33 43 3.8 - R
1746 2324
11/14/1988  11/15/1988 -1.1 -39 -33 33 6.4 2.7 2.9 7.8 8.1 5.4 6.6 - 6.6 22 7.1 - S
1037 0730
12/25/1988  12/27/1988 1.7 -33 -9 357 6.7 4.9 5.2 21.7 23.7 12.2 11.4 - 11.7 1.0 20.0 - S
2040 0930
01/06/1989 01/08/1989 -143  -17.6  -159 25 7.9 6.1 6.7 14.3 16.3 10.1 8.6 - 9.7 .1 11.0 - S
0100 0710
02/25/1989  02/27/1989 -1 -16.7 -89 311 5.1 3.6 3.9 33 3.5 1.7 33 - 33 9 3.7 -- S
0902 1805
03/02/1989  03/04/1989 -157  -192  -174 36 59 4.4 4.7 7.5 8.1 33 3.4 - 3.4 .0 5.8 - S
1410 0315
03/13/1989  03/14/1989 -1.7 -5.8 -3.8 16 6.8 5.0 5.4 33 3.6 1.8 2.8 - 2.8 .1 23 - S
1603 0810
11/13/1989  11/14/1989 1.1 -4.4 -1.6 86 2.6 2.2 2.6 4.4 4.5 43 3.8 0.3 3.8 3.9 2.0 1.8 S
1941 0335
11/26/1989  11/27/1989 39 -10.6 -3.4 12 8.2 6.0 6.9 4.0 4.6 1.9 .8 .0 0.8 2 0.5 0.3 S
1920 0915
01/16/1990 01/17/1990 -1 -16.7 -8.9 11 3.1 -- - 8.3 - 7.4 6.4 5.3 6.4 5.5 6.7 6.6 S
1045 1845
02/15/1990  02/16/1990 94 200 -14.7 38 5.1 3.9 4.4 6.4 6.8 4.6 4.6 33 4.6 .6 5.6 3.1 S
0615 0845
03/14/1990  03/15/1990 33 -4.4 -5 308 6.7 3.4 4.0 6.0 6.3 5.0 4.1 2.4 3.8 7 5.4 5.3 S
0645 2224
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Table 1. Data collected during solid precipitation measurement intercomparison in Bismarck, N. Dak., from 1988 through 1997.—Continued

[m, meters; DFIR, double fence intercomparison reference; adjusted, values adjusted by using equations 1 and 2 in this report; --, no data; R, rain; S, snow; M, mixed precipitation]

Temperature Wind speed

Date and time Precipitation amount (millimeters)

(degrees Celsius)

(meters per second)
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11/04/1991  11/05/1991 -2.6 9.3 -5.9 292 6.7 4.6 5.1 43 4.7 3.6 3.0 -- 3.0 33 4.1 3.6 S
1200 1413
11/17/1991  11/18/1991 42 1.4 2.8 202 33 1.7 2.1 5.6 - 15.8 8.6 -- 8.6 11.9 11.5 10.2 R
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Table 1.

[m, meters; DFIR, double fence intercomparison reference; adjusted, values adjusted by using equations 1 and 2 in this report; --, no data; R, rain; S, snow; M, mixed precipitation]

Data collected during solid precipitation measurement intercomparison in Bismarck, N. Dak., from 1988 through 1997.—Continued

Date and time

Temperature

(degrees Celsius)

Wind speed

(meters per second)

Precipitation amount (millimeters)
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12/12/1992  12/13/1992 -6.7 -8.9 -7.8 360 5.8 4.1 4.8 12.6 13.6 9.0 7.1 4.1 7.1 1.9 9.7 7.9 S
1620 1645
01/11/1993  01/14/1993 -11.7  -16.7 -142 338 43 - - 10.9 - 6.6 4.8 4.1 4.8 1.2 9.1 6.1 S
1200 0915
02/11/1993  02/16/1993 -119  -184  -15.1 338 33 2.2 2.5 4.7 4.8 33 3.6 33 3.6 1.9 3.8 2.5 S
0335 1730
02/20/1993  02/25/1993 -147  -21.7  -182 360 2.7 2.1 2.4 7.7 7.9 6.1 4.8 33 4.8 2.6 5.9 4.6 S
0001 1015
03/09/1993  03/12/1993 -.6 =77 -4.1 360 5.7 3.7 4.5 3.7 3.9 2.3 43 1.0 43 - 1.3 .0 M
0225 1530
03/29/1993  03/31/1993 2.7 .8 1.4 360 4.6 3.5 42 6.1 6.4 5.0 5.1 .0 5.1 - .0 .0 M
1200 2320
11/23/1993  11/27/1993 -103  -12.6  -11.5 338 7.0 42 49 25.0 27.0 16.3 23.4 - 23.4 - - 26.7 S
1200 0355
12/05/1993  12/05/1993 2.8 -1.7 -5 315 9.7 5.8 6.9 3.5 3.9 2.4 3.1 3.0 3.1 - 3.8 33 M
0535 1335
12/16/1993  12/17/1993 -1.0 -2.1 -1.5 360 4.8 3.1 3.5 15.8 16.5 12.7 11.9 7.1 11.9 - 14.0 11.4 S
0001 2130
12/28/1993  12/30/1993 -6.1  -142  -10.1 292 6.9 4.1 4.6 59 6.3 42 .8 1.8 .8 - 1.5 .0 S
1843 0338
01/01/1994  01/08/1994 -15.6 228 -19.2 68 5.4 3.2 3.6 22.6 23.4 15.1 11.6 4.6 11.6 -- 17.7 134 M
1200 1745
02/06/1994  02/12/1994 -175 258 -20.6 315 3.9 2.1 2.4 11.3 11.6 9.2 4.8 2.8 4.8 - 4.8 4.6 S
0000 1020

oL
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Table 1. Data collected during solid precipitation measurement intercomparison in Bismarck, N. Dak., from 1988 through 1997.—Continued

[m, meters; DFIR, double fence intercomparison reference; adjusted, values adjusted by using equations 1 and 2 in this report; --, no data; R, rain; S, snow; M, mixed precipitation]

Temperature Wind speed

Date and time Precipitation amount (millimeters)

(degrees Celsius)

(meters per second)
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02/18/1994  02/23/1994 -13.0  -18.1 -155 292 6.7 3.6 4.1 6.6 7.0 33 2.5 1.5 2.5 -- 4.8 3.8 S
1532 0640
03/23/1994  03/24/1994 -1.7 -8.5 -5.1 360 53 3.7 4.1 13.8 14.6 8.0 9.4 - 9.4 -- 4.1 2.3 S
0041 0558
11/12/1994  11/13/1994 8.0 43 6.1 292 6.4 4.1 4.4 10.1 10.6 10.0 8.6 11.4 8.6 9.8 10.7 9.1 M
1443 2326
11/17/1994  11/18/1994 .0 -6.9 -3.5 360 8.5 5.7 5.8 10.4 113 13.2 13.2 1.8 132 2.4 7.6 4.8 M
1156 1220
11/26/1994  11/29/1994 -3.7 -8.2 -59 292 6.6 4.4 4.6 16.0 16.9 12.8 16.3 6.1 16.3 5.4 15.2 9.9 M
0124 0122
12/13/1994  12/15/1994 -5.7  -104 -8.1 112 4.3 22 22 10.4 10.7 14.7 6.9 4.8 6.9 5.5 8.4 7.6 S
1845 1045
01/13/1995  01/17/1995 -6.4 -9.8 -8.1 315 6.6 4.4 4.5 8.7 9.2 9.7 8.1 3.0 8.1 0.4 8.9 3.8 M
1800 1935
02/25/1995  02/28/1995 7.6 -158  -11.7 315 4.1 3.0 32 7.3 7.5 4.8 5.6 - 5.6 29 2.5 33 M
2335 1415
03/03/1995  03/08/1995 -146  -22.8 -187 338 4.6 3.5 3.6 7.0 7.3 4.8 8.6 .0 8.6 1.0 8.1 4.1 S
0924 1150
03/22/1995  03/22/1995 4.7 3 2.5 90 4.4 2.7 2.8 20.8 21.3 19.6 19.3 13.2 19.3 20.4 10.2 15.0 M
0052 2301
03/26/1995  03/28/1995 1.3 2.1 -4 338 6.9 4.6 4.6 16.6 17.6 10.9 15.0 6.1 15.0 6.5 13.0 8.1 M
0505 0427
11/05/1996  11/06/1996 33 -1.1 0 328 3.4 2.8 3.1 11.1 11.5 10.5 11.4 6.6 11.4 7.8 9.1 -- S
1345 1100
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Table 1. Data collected during solid precipitation measurement intercomparison in Bismarck, N. Dak., from 1988 through 1997.—Continued

[m, meters; DFIR, double fence intercomparison reference; adjusted, values adjusted by using equations 1 and 2 in this report; --, no data; R, rain; S, snow; M, mixed precipitation]

4]

Date and time Temperatur? Wind speed Precipitation amount (millimeters)
(degrees Celsius) (meters per second)
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11/15/1996  11/16/1996 -3.9 -7.2 -5.6 275 5.2 3.2 4.1 4.1 43 23 3.1 0.5 3.1 0.1 3.1 1.8
2035 0220
11/19/1996  11/20/1996 =56 -12.8 -9.4 57 5.4 3.7 4.1 20.2 21.4 17.6 17.5 13.5 17.5 6.1 19.1 16.5
0520 1515

11/23/1996  11/24/1996 -12.8  -206  -15.0 292 2.7 2.2 2.6 13.2 13.5 12.1 13.0 6.9 13.0 5.3 11.2 17.5
0345 0745

01/04/1997 01/05/1997 83  -17.8  -11.7 314 7.3 4.7 52 14.5 15.8 11.0 13.0 4.8 13.0 3.6 14.0 12.7
0205 0735
01/23/1997  01/26/1997 -17.8  -30.6  -233 313 4.0 2.7 32 5.5 5.7 4.0 3.1 -- 3.1 5 33 2.0
1930 0530
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Correction of Data from the Double Fence
Intercomparison Reference

The DFIR is a secondary reference standard. The
bush gage, a Tretyakov gage with windshield placed in a
12-m-diameter working area with 2- to 4-m-high shrubs, is
considered by WMO to be the primary standard because it is
less adversely affected by wind speed than the DFIR (Yang
and others, 1993). From a comparison of bush gage data to
DFIR data at Valdai, Russia, Golubev (1989) found system-
atic differences and proposed an adjustment of the DFIR data
that included meteorological measurements of wind speed,
atmospheric pressure, air temperature, and humidity. Yang and
others (1993) found that the most statistically significant factor
in the adjustment of the DFIR data was the mean wind speed
during the event. The sixth session of the International Orga-
nizing Committee of the WMO Solid Precipitation Measure-
ment Intercomparison (World Meteorological Organization/
Commission for Instruments and Methods of Observation,
1993) recommended that the adjustment of Yang and others
(1993) be applied to all DFIR data before analyzing the catch
ratio (CR) of other gages with respect to that of the DFIR.

Yang and others (1993) proposed six equations for
adjusting the DFIR data with respect to the bush gage data.
The equations were for dry snow, wet snow, blowing snow,
rain with snow, snow with rain, and rain, and all the equations
were functions of wind speed. A reevaluation of the adjust-
ment equations was recommended at the seventh session of
the WMO/CIMO because more intercomparison data were
collected from the hydrological research station at Valdai,
Russia (Goodison and others, 1998). The results of this reeval-
uation indicated that wind speed was the only statistically
significant explanatory variable for the ratio of bush-to-DFIR
catch and that wind speed was not statistically significant for
rain. The equations of Yang and others (1993) were simplified
to two regression equations for snow and mixed precipitation.
For snow, the adjustment equation is

BUSH
DFIR

(%) =100+ (0.439 x WS) + (0.246 x WS?) . (1)

and for mixed precipitation the adjustment equation is

BUSH (%) =100+ (0.194 X WS) + (0.222 X WS?), (2)
DFIR
where
BUSH  1is the snow or mixed precipitation catch, in
millimeters, at the bush gage;
DFIR is the snow or mixed precipitation catch,
in millimeters, at the double fence
intercomparison reference gage; and
WS s wind speed, in meters per second.

The final report of the WMO solid precipitation measure-
ment intercomparison recommended that for future studies
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these two equations be used to adjust catch at the DFIR and
that no adjustment be made for rain measurements of the
DFIR (Goodison and others, 1998). Therefore, equations 1 and
2 were used to adjust the catch reported at the Bismarck DFIR
gage for snow and mixed precipitation events. For two events,
beginning January 16, 1990, and January 11, 1993, the wind
speed at the DFIR gage was not recorded. Thus, precipitation
for these events could not be adjusted and data from these
events were not used in the remainder of the analysis.

Correction of Catch Ratios

Precipitation measurements can be affected by evapora-
tion losses, by undercatch caused by wind, by precipitation
type, and by the physics of the gage. Evaporation losses have
been reported to be small for most gages (Golubev and others,
1992; Elomaa, 1993), and gage catch has not been corrected
for evaporation loss in other studies (Yang and others, 1999);
therefore, the data in this study were not corrected for evapo-
ration loss.

For this study, events were categorized as snow, mixed,
or rain on the basis of descriptive notes recorded as part of
the intercomparison. The rain events data are published as
part of this study but were not further analyzed (table 1). The
CRs—the ratios of the precipitation catch at each gage to the
true precipitation measurement (the adjusted double fence
intercomparison reference)—were calculated for snow and
mixed precipitation events by using the wind speed measured
at the orifice height of each respective gage (1.4 m or 3.0 m).
Regression analysis was used to develop equations that
model the CR at each gage as functions of wind speed and
temperature.

In previous studies, the results “show that not only
wind speed but also air temperature affect the catch of some
gauges, such as the Tretyakov” gage (Yang and Goodison,
1998, p. 6,224). “For the U.S. 8-inch standard nonrecord-
ing gauge, wind speed is the only factor with a statistically
significant relationship with the gauge catch; air temperature
does not have a statistically significant effect, when precipita-
tion is classified into snow, rain, and mixed precipitation.* *
* Goodison found through a stepwise regression, that upper
air (700 mbar) temperature had a positive correlation to the
catch of Canadian Nipher snow gauge; this suggests that upper
air temperature might be a better indicator of snow crystal
characteristics during the storm. A similar assessment would
be useful in assessing the catch of other gauges, such as the
U.S. gauge” (Yang and Goodison, 1998, p. 6,224). Therefore,
wind speed at the height of the gages, temperature (maximum,
minimum, and mean), and upper air conditions [700 millibar
(mbar) temperature and wind speed] were used as possible
explanatory variables in the multiple regression analysis done
for this study.

Upper air temperature and wind speed are collected by
radiosonde and pilot balloon observations. As a radiosonde
ascends into the atmosphere, measurements are made at
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mandatory pressure levels, including 700 mbar, and are trans-
mitted to a ground receiving station (Durre and others, 2006).
Upper air data for the Bismarck site were obtained from the
National Oceanic and Atmospheric Administration Integrated
Global Radiosonde Archive (IGRA) file transfer protocol site
at fip://fip.ncdc.noaa.gov/pub/data/igral. The IGRA data were
collected at 12-hour intervals, which do not match perfectly
with the beginning and end times of the precipitation events.
For average upper air temperature and wind speed, the first
observation immediately prior to the beginning of the precipi-
tation event through the first observation immediately after
the event were averaged. For upper air temperature and wind
speed at the beginning of the precipitation event, the first
observation immediately prior to the beginning of the precipi-
tation event was used.

Figures 10 through 13 show the relations between gage
CRs for the types of gages used for the Bismarck field study
and possible explanatory variables to model the CRs. For
snow events, wind speed affects some gages (AeroChem
and the national unshielded) more than others (national with
double fence), and the relation is not monotonic increasing
or decreasing (as evidenced for the national with Wyoming
windshield gage). The relation is even more complex for
mixed precipitation events (fig. 10). The CRs for snow gener-
ally increase when mean, maximum, and minimum tempera-
ture increases, although it is not a simple relation (fig. 11).
The same relations are highly varied for mixed precipitation
(fig. 11). The relation between upper air temperature and
CR varies with the gage and type of precipitation (fig. 12).
Increased upper air wind speed at the beginning of an event
decreases gage catch for snow, and the relation is more vari-
able for mixed precipitation (fig. 13).

Many regression models can produce similar results;
therefore, a procedure was used to develop a model in an
unbiased manner. All-subset regression by leaps and bounds,
a procedure that attempts to find the best regression relations
by using subsets of the given explanatory variables (Insight-
ful Corporation, 2005), was used to select the best regression
model for estimating a particular CR. The possible explana-
tory variables were wind speed and powers of wind speed
(powers of 1.25, 1.5, 1.75, 2, based on WMO equations);
mean, maximum, and minimum temperature during event;
the upper air temperature recorded immediately prior to event
beginning; average upper air temperature recorded from the
reading immediately prior to event beginning to immediately
after event end; upper air wind speed recorded immediately
prior to event beginning; and average upper air wind speed
recorded from the reading immediately prior to event begin-
ning to immediately after event end.

The criteria for determining the best regression rela-
tion were the adjusted coefficient of multiple determination
(R?)) and Mallows’ C, (Cp ). The coefficient of determination
(R?), commonly used in model selection, increases with the
number of explanatory variables in the regression model,
but R? allows for the comparison of models that have differ-
ing numbers of explanatory variables by penalizing models
that have additional coefficients (Helsel and Hirsch, 1995).
The Cp criterion is a measure of the total mean squared error
and an indicator of model bias (Neter and others, 1996). In
model comparison, the models with the smallest Cp values are
considered to have the least bias.

In cases where several possible models were identi-
fied, exhaustive stepwise regression was performed with the
potential variables identified in the all-subset regression by
leaps and bounds. This automatic search procedure sequen-
tially added terms to and deleted terms from the model used
to determine the best subset of explanatory variables from
a given set of variables (Insightful Corporation, 2005). The
model chosen had a relatively small residual sum of squares,
also called error sum of squares. In cases where multiple
models were found to have similar residual sums of squares,
the simpler model was chosen or, if the models were of the
same size, the one with the smaller residual standard error
and significant p-value for the F-test was chosen. The F-test
for regression relation tests whether there is a statistically
significant regression relation between the CR and the set
of explanatory variables in the regression model. The null
hypothesis is that all regression coefficients are zero, and the
alternative hypothesis is that at least one of the regression
coefficients is not equal to zero. The existence of a regression
relation supported by an F-test, however, does not ensure that
the predictions based on the relation are useful (Neter and
others, 1996).

As an indicator of the ability of the regression relations to
estimate CRs, the observed CRs were compared with the CRs
estimated by the regression equations by calculating relative
percentage differences (RPDs) using the following equation:

x 100

E-D
RPD = , 3)

D

where
E is the CR estimated from the regression
equation, and
D is the CR from the data.

D is assumed to be correct and the RPD is the relative percent-
age difference of £ from D.


ftp://ftp.ncdc.noaa.gov/pub/data/igra
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Figure 10. Ratios of gage catch to the corrected double fence intercomparison
reference and wind speeds for events in Bismarck, N. Dak., from 1988 through
1997. A, Snow; B, Mixed precipitation.

Methods

15



20 -5 -0 5 0 5

MAXIMUM TEMPERATURE DURING EVENT,
IN DEGREES CELSIUS

1 L X 1

16
141
17, w
= =
& & 12r
& &
g g 1of
Z S
[a'sy -
2 e 08
=) o
= = -
|n<_: é 0.6
- o
o o -
2 = 04
S S
£ 02f
0.0 4 3 X 0.0,
-25 20 15 -10 -5 0 5 -25
MEAN TEMPERATURE DURING EVENT,
IN DEGREES CELSIUS
16 16
w w
= D %
w - -
= 1.4 = 1.4
z z
o
2 = 12T
= =
= =
S S 10f
w w
< = |
E E 0.8
= = osf
2 2
=) 2 04l
= =
= =
= T 02
o o
= =
© < 00
10 220

MEAN TEMPERATURE DURING EVENT,
IN DEGREES CELSIUS

Figure 11.
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Figure 13. Ratios of gage catch to the corrected double fence
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speed in Bismarck, N. Dak., from 1988 through 1997. A, At the beginning of
snow events; B, Averages for snow events; C, At the beginning of mixed
precipitation events; D, Averages for mixed precipitation events.
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Solid Precipitation Measurement
Intercomparison

In addition to the regression equations, the CR can also
be expressed as a ratio:

Ty
CR= , “4)
Porir

where
P, is the precipitation measured at a particular
gage, in millimeters; and
P is the precipitation measured and corrected at
the reference gage, in millimeters.

This ratio can also be used to adjust the catch at a gage
to what the catch would be at the DFIR using the formula
Poe= Pg/ CR. The efficacy of this adjustment depends on the
equation for CR and the efficacy of the adjustments was exam-

ined for snow and mixed precipitation.

Snow Precipitation

The CRs were modeled by using multiple regression
analysis for the Tretyakov gage, national shielded gage,
national unshielded gage, AeroChem gage, national gage with
double fence, and national gage with Wyoming windshield.
The models were chosen by using the procedure described in
the “Methods” section and evaluated by using R?, R? | stan-
dard error, and the F-test for regression relation. The results
are listed in table 2.

As in earlier studies, wind speed and air temperature were
found to influence the CR for the Tretyakov gage. However,
in this instance, the temperature variable represented the
average upper air temperature over the duration of the event.
The WMO did not use upper air conditions in its analysis.
Wind speed and wind speed squared are both in the model for
this study. The WMO CR equation used wind speed squared
only. However, this study used the hierarchical approach to
fitting a polynomial regression model. If a polynomial term
is used in the model, all lower order terms are retained in the
model as well because the lower order term provides more
basic information about the response, whereas the higher order
term provides refinement in the response function (Neter and
others, 1996).

The national shielded and unshielded gages were found
to be influenced by functions of wind speed only, as in other
studies. However, the upper air wind speed was used, and
again a hierarchical approach to fitting was used in which, if
wind speed squared was used in the model, wind speed was
retained in the model as well.

The AeroChem gage was not used in the WMO inter-
comparison study for 1987-93. It had a highly varied CR
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(table 1), and a number of variables related to wind speed and
temperature were used in the model for the CR.

Despite extensive efforts to find a model for the national
gage with double fence, no statistically significant regression
model was found at the 0.05 level (a-level). (A model was
considered significant if the p-value for the F-test of regres-
sion relation was less than 0.05.) Table 2 shows the best model
found had a p-value 0.078 for the F-test. This model used
wind speed terms to model the CR and had a relatively small
R? 0f 0.206. This gage had one data value that appeared to be
an outlier, a small CR for the event that began November 26,
1989 (table 1); however, there was no reason to remove this
observation from the analysis, and removal did not improve
the results.

The national gage with Wyoming windshield had a CR
modeled by temperature and wind speed variables. It had the
largest R* and R of all of the models identified, 0.572 and
0.476 (table 2).

Three of the gage CRs evaluated could be compared
with those in the WMO intercomparison (table 3), which had
the advantage of a much larger dataset. However, the data in
this study represent a longer time period. The differences in
R? and standard error largely may be because of the differ-
ences in sample size. The relations between the CR regression
equations are shown in figure 14. If the regression equations
adjusted the catch perfectly, the points would all fall on the
diagonal line—the line of equality for observed and modeled
catch. The red triangles are the catch predicted by using the
equations developed in this study and converting from CR to
catch (CR equals the catch at a gage divided by the catch at the
DFIR; therefore, catch at a gage equals the CR for that gage
multiplied by the catch at the DFIR). The red line is a lowess
scatter plot smooth line (Insightful Corporation, 2005) used to
show the general relation between the observed catch and the
catch predicted by the equations developed in this study. If the
relation was perfectly modeled, the lowess line would fall on
the diagonal line. The blue diamonds are the catch predicted
by the WMO CR equations and conversion from CR to catch.
The blue line is a lowess scatter plot smooth line used to show
the general relation between the observed catch and catch
predicted by the WMO equations. Points below and to the
right of the diagonal line underestimate the catch. Points above
and to the left of the line overestimate the catch. The RPDs,
which are indicators of the ability of the regression relations to
estimate precipitation catch, are also shown in figure 14.

The RPDs for all three gages are smaller with the use
of equations developed in this study than with the use of the
WMO equations. For the DFIR Tretyakov gage (fig. 144),
both the WMO equations and the equations from this study do
relatively well in predicting precipitation in the lower range.
The upper range becomes more varied, particularly for the
WMO equations, which tend to overcorrect the DFIR Tretya-
kov precipitation. The national shielded gage (fig. 14B) is
similar in that variation appears to increase with snow amount.
The equation from this study predicts values closer to the line
of equality than does the WMO equation; however, both tend



Table 2. Results of regression analysis of solid precipitation measurement intercomparison data from Bismarck, N. Dak., 1998 through 1997.

[n, number of samples used to develop regression equations; R?, coefficient of multiple determination; R* , adjusted coefficient of multiple determination; SE, standard error; p-value for F test of significant
regression relation; CR, catch ratio; WS, wind speed; WindSpd,, upper air wind speed at beginning of event; Tmp700, , upper air temperature averaged over event; 7, . mean temperature; 7/, maximum
temperature; 7, minimum temperature]

min®

174

Gage Snow catch ratio equation n R R, SE p-v: :::lfor
Tretyakov CR=165.81 - (31.47 x WS) + (2.73 x WS) - (0.98 x WindSpd,)) + (0.88 x Tmp700, ) 34 0.564 0.504 13.1 0.000
National shielded CR = 63.41 + (16.90 x WS) - (3.29 x WS?) - (1.02 x WindSpd,,) 34 231 154 21.2 .046
National unshielded CR=62.70 + (3.30 x WS) - (1.62 x WS?) - (1.77 x WindSpd,,) 20 548 463 15.4 .004
AeroChem CR=134.05 - (39.68 x WS) + (3.60 x WS*) +(1.37 x T, - (0.63 x WindSpd,) 28 459 365 19.2 .005
National gage with double fence ~ CR =-22.15 + (47.56 x WS) - (4.71 x WS?) - (1.17 x WindSpd,) 33 206 124 21.9 078
National gage with Wyoming ~ CR=98.19- (1749 x T )-(10.05x T )+ (2749 x T )-(1.86 x WindSpd,) 23 572 476 225 003

windshield

Table 3. Solid precipitation measurement intercomparison data from Bismarck, N. Dak., 1988 through 1997, adjusted by regression analysis and World Metrological
Organization solid precipitation measurement intercomparison equations.

[Source: Goodison and others, 1998. n, numbers of samples used to develop regression equations; R, coefficient of multiple determination; SE, standard error; RPD, relative percentage difference; WMO,
World Meteorological Organization; CR, catch ratio; WS, wind speed; WindSpd,, upper air wind speed at beginning of event; Tmp700, , upper air temperature averaged over event; 7 , maximum temperature]

Ave’ max®

Gage Snow catch ratio equation n R? SE RPD

Tretyakov:

Regression analysis CR=165.81-(31.47 x WS) + (2.72 x WS) - (0.98 x WindSpd,) + (0.88 x Tmp700, ) 34 0.564 13.1 9.6

WMO intercomparison CR=103.11-(8.67 x WS)+ (030 x T ) 241 400 11.1 14.4
National shielded:

Regression analysis CR=63.41 + (16.90 x WS) - (3.29 x W§*) - (1.02 x WindSpd,,) 34 231 21.2 19.9

WMO intercomparison CR = exp(4.61 - (0.04 x WS'7)) 107 720 9.8 25.1
National unshielded:

Regression analysis CR=62.70 + (3.30 x WS) - (1.62 x WS?) - (1.77 x WindSpd,) 20 .548 15.4 26.9

WMO intercomparison CR =exp(4.61 - (0.16 x WS'2)) 55 770 9.4 28.1
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EXPLANATION
— Line of equality for corrected DFIR and modeled catch

— Lowess smooth line for precipitation catch predicted by
equations in this study

— Lowess smooth line for precipitation catch predicted by the
WMO equations

A Precipitation catch predicted by equations in this study
¢ Precipitation catch predicted by the WMO equations

RPD Median relative percentage difference between the
catch ratio observed at a gage and the catch ratio
estimated by the regression equations

Figure 14. Predicted snow catch based on World Meteorological Organization (WMO) equations and equations developed in this
study (USGS), and corrected reference gage [double fence intercomparison reference (DFIR)] snow catch for three gages. A, Tretyakov;

B, national shielded; C, national unshielded.

to underestimate in the low range and overestimate in the high
range of precipitation values. The national unshielded gage
(fig. 14C) has the largest RPDs for snow measurement, which
is reasonable considering the gage is unshielded and greatly
affected by meteorological conditions.

Snow (solid precipitation) catch is highly varied depend-
ing on the equipment used and the weather conditions. Much
of the variation is not accounted for in the WMO equations
or in the equations developed in this study, particularly for
unshielded gages.

Mixed Precipitation

Despite extensive attempts at regression analysis with
the mixed precipitation data, it was concluded that the sample
sizes were not large enough for modeling the CRs (table 4).
However, the data could be used to test the WMO equations.
Figure 15 shows graphical relations between the catch at the
DFIR and the predicted catch at the gages based on the WMO

equations. The RPDs reflect the comparison of CRs modeled
by the WMO equations (table 5) to the CR of the intercom-
parison reference standard, DFIR.

Table 4. Number of mixed precipitation observations at
each gage at Bismarck, N. Dak., from 1988 through 1997.

[n, number of samples]

Gage n
Tretyakov 14
National shielded 14
National unshielded 11
AeroChem 10
National gage with double fence 14
National gage with Wyoming windshield 12
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Figure 15. Predicted mixed precipitation catch based on World Meteorological Organization (WMQ) equations and corrected
reference gage [double fence intercomparison reference (DFIR)] mixed precipitation catch for three gages. A, Tretyakov; B, national
shielded; C, national unshielded.

Table 5. Catch ratio equations for mixed precipitation from the World Meteorological Organization solid precipitation measurement
intercomparison.

[Source: Goodison and others, 1998. n, number of samples used to develop regression equations; R?, coefficient of multiple determination; SE, standard error;
RPD, relative percentage difference; CR, catch ratio; WS, wind speed; 7', maximum temperature; 7, minimum temperature]

max’ min®

Gage Equation n R? SE RPD
Tretyakov CR=96.99 - (4.46 x WS) +(0.88 x T )+(0.22x T ) 433 0.460 8.0 7.8
National shielded CR=101.04 - (5.62 x WS) 75 .590 7.6 12.6

National unshielded CR =100.77 - (8.34 x WS) 59 370 13.7 75.0




The equations for mixed precipitation at the Tretyakov
and national shielded gages are similar to those for snow in
that they are more likely to underestimate precipitation in the
low range and overestimate amounts in the high range (figs. 14
and 15). Mixed precipitation is greatly underestimated by the
WMO adjustment and the national unshielded gage (RPD of
75.0).

Summary and Conclusions

A solid precipitation measurement intercomparison was
recommended by the WMO (World Meteorological Organiza-
tion) and was initiated after approval the ninth session of the
Commission for Instruments and Methods of Observation
(CIMO-IX). The goal of the intercomparison was to assess
national methods of measuring solid precipitation against
methods whose accuracy and reliability were known. A field
study was started in Bismarck during the 1988—89 winter as
part of the intercomparison. The last official field season of
the WMO intercomparison was 1992-93. The Bismarck site
continued to operate through the winter of 1996-97.

The intercomparison was designed to

1. determine wind related errors in national methods of
measuring solid precipitation,

2. derive standard methods for adjusting solid precipitation
measurements, and

3. introduce a reference method of solid precipitation
measurement for general use to calibrate any type of
precipitation gage.

The intercomparison found that discrepancies of as much
as 110 percent existed among snowfall records from various
national gages. On the basis of the intercomparison results,
regression equations were developed to model the catch
ratios (CRs) of the various solid precipitation instrumentation.

The study conducted in Bismarck did not use the Hell-
mann or Canadian Nipher gages, which were used at some
intercomparison sites; however, it included additional gages:
an AeroChem Metrics gage, a National Weather Service
(NWS; national) gage with a double fence, and a national gage
with a Wyoming windshield. Instrumentation at the Bismarck
site included a double fence intercomparison reference (DFIR)
having a Tretyakov gage (the reference gage for the WMO
intercomparison and this study), a Tretyakov precipitation
gage, a national gage equipped with the national standard
windshield, a national gage without windshield, an NWS
temperature and humidity sensing system, wind speed and
wind direction sensors, an AeroChem Metrics (model 301)
automatic sensing wet and dry precipitation collector, a double
fence shield having a national gage installed in the center, and
a national gage with a Wyoming windshield.

The DFIR gage catch for snow and mixed precipitation
events was adjusted to what the catch would have been for
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a bush gage (a Tretyakov gage with windshield placed in an
area surrounded by shrubs), which is considered by WMO to
be the primary standard because it is less adversely affected
by wind speed than the DFIR. The correction equations used
were those recommended by the final report of the WMO solid
precipitation measurement intercomparison for future studies.

Events at Bismarck were categorized as snow, mixed,
or rain on the basis of descriptive notes recorded as part of
the intercomparison. The rain events data were not further
analyzed in this study. The CRs were calculated. Then, regres-
sion analysis was used to develop equations that model the
snow and mixed precipitation CRs at each gage as functions
of wind speed and temperature. Wind speed at the gages,
functions of temperature, and upper air conditions were used
as possible explanatory variables in the multiple regression
analysis done for this study. The models were chosen using
a all-subset regression approach and evaluated by using R?
(coefficient of multiple determination), R? (adjusted coeffi-
cient of multiple determination), standard error, and the F-test
for regression relation.

As in earlier studies, wind speed and air temperature were
found to influence the CR for the Tretyakov gage. However,
the temperature variable represented the average upper air
temperature over the duration of the event. The WMO did
not use upper air conditions in their analysis; however, use of
upper air conditions had been suggested for future analyses.

The national shielded and unshielded gages where found
to be influenced by functions of wind speed only, as in other
studies. However, the upper air wind speed was used in the
regression equations developed in this study.

The AeroChem gage was not used in the WMO inter-
comparison study for 1987-93. It had a highly varied CR at
Bismarck, and a number of variables related to wind speed
and temperature were used in the model for the CR. Despite
extensive efforts to find a model for the national gage with
double fence, no statistically significant regression model was
found at the 0.05 level.

The national gage with Wyoming windshield had a CR
modeled by temperature and wind speed variables. It had the
largest R* and R?, of all of the models identified, 0.572 and
0.476.

Three of the gage CRs evaluated could be compared
with those in the WMO intercomparison, which had the
advantage of a much larger dataset. However, the data is this
study represented a longer time period. The effectiveness of
the CR regression equations were compared numerically and
graphically.

Extensive attempts at regression analysis were made
with the mixed precipitation data, but it was concluded that
the sample sizes were not large enough for modeling the CRs.
However, the data could be used to test the WMO equations.
The equations for mixed precipitation at the Tretyakov and
national shielded gages are similar to those for snow in that
they are more likely to underestimate precipitation in the low
range and overestimate amounts in the high range. Mixed
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precipitation is underestimated by the WMO adjustment for
the national unshielded gage.

Results show that the precision of snow and mixed
precipitation measurement varies greatly depending on the
equipment used and the weather conditions. Mixed precipita-
tion catch is highly varied, and both mixed and snow catch is
highly varied for unshielded gages.
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