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ABSTRACT

A methodology for correcting the Tretyakov gauge-measured daily precipitation for wind-induced undercatch
and trace amounts of precipitation is presented and applied at 61 climate stations in Siberian regions for 1986
to 1992. It is found that wind-induced gauge undercatch is the greatest error, and a trace amount of precipitation
is also a significant bias, particularly in the low-precipitation regions. Monthly correction factors (corrected
divided by measured precipitation) differ by location and by type of precipitation. Considerable interannual
variation of the corrections exists in Siberian regions because of the fluctuation of wind speed, air temperature,
and frequency of snowfall. More important, annual precipitation has been increased by 30-330 mm because of
the bias corrections for the seven years (about 10%—65% of the gauge-measured yearly total). This result suggests
that annual precipitation in Siberiais much higher than previously reported, particularly in the northwest sectors
of high precipitation; the latitudinal precipitation gradient may also be greater over Siberian regions. Animproved
regional precipitation ‘‘climatology,”” or description of mean annual precipitation, is derived based on the bias-
corrected data and is compared with other existing climatologies. The results of this study will be useful to
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hydrological and climatic studies in the high-latitude regions.

1. Introduction

Reliable precipitation *‘climatologies,” or descrip-
tions of long-term means and variations, on regional to
global scales are critical for climatic and hydrological
analyses. Traditionally most existing continental and
global precipitation climatologies and maps have been
derived from the standard national precipitation gauge
records that have long been realized as underestimates
of true precipitation amounts and as incompatible across
national boundaries (UNESCO 1978; Legates 1995;
Sevruk 1989; Karl et al. 1993; Yang et al. 2001). These
climatol ogies have been extensively used for large-scale
hydrological and climatic analyses, including evaluation
of climate model simulations, input fieldsin global hy-
drological models, and validation of satellite precipi-
tation algorithms. Legates (1995) reviewed the existing
global precipitation climatologies and found inconsis-
tency in some regions. Walsh et al. (1998) recently re-
ported considerable variation between Arctic precipi-
tation estimates from different sources, and this dis-
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crepancy complicates the verification of the model sim-
ulations of Arctic hydrological variables.

It has been recognized that uncertainties exist in the
estimated precipitation climatologies in the high lati-
tudes due to 1) sparseness of the precipitation obser-
vation networks; 2) uneven distribution of measurement
sites, that is, sites biased toward coastal and the low-
elevation areas; 3) spatial and temporal discontinuities
of precipitation measurements associated with changes
of observational methods and differences of observa-
tional techniques used in different countries; and 4) bi-
ases of gauge measurements, such as wind-induced
gauge undercatch, wetting and evaporation losses, and
underestimation of trace precipitation amounts
(UNESCO 1978; Goodison et al. 1998). Of the above
factors, systematic errors in gauge measurements are
particularly important, because these biases affect all
types of precipitation gauges, especially those used in
cold environments.

To assess the national methods of solid precipitation
observations, the World Meteorological Organization
(WMO) initiated the Solid Precipitation Measurement
Intercomparison Project in 1985 (Goodison et al. 1989).
The octagonal vertical double fence surrounding a
shielded Tretyakov gauge was designated as the inter-
comparison reference (DFIR). Thirteen countries par-
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ticipated in this project, and the experiments were con-
ducted at 20 selected sites in these countries from 1986
to 1993 (Goodison et a. 1998). The WMO Solid Pre-
cipitation Measurement Intercomparison has devel oped
new bias correction techniques for a number of precip-
itation gauges commonly used around the world (Good-
ison et al. 1998), such as the Canadian Nipher snow
gauge (Goodison and Metcalfe 1992), the U.S. National
Weather Service 8-in. standard gauge (Yang et al.
1998a), the Russian Tretyakov gauge (Yang et al. 1995),
and the Hellmann gauges (Gunther 1993; Allerup et al.
1997; Yang et al. 1999a). These correction procedures
are recommended for test correction of gauge-measured
daily precipitation in those countries where national me-
teorological or hydrological station networks operate
these gauges for precipitation observations (Goodison
et al. 1998). Recently it has been reported that appli-
cations of the WMO bias correction methods to the
archived national precipitation data in some countries
have resulted in significantly higher estimates of pre-
cipitation, particularly in the high-latitude regions (M et-
calfeet a. 1994; Yang et al. 1998b, 1999b; Yang 1999).

Our knowledge of large-scale precipitation patterns
is incomplete, and improved climatologies are needed
(Legates and Willmott 1990; Xie et a. 1996; Groisman
and Legates 1994). This work, as one of the efforts to
generate improved precipitation climatologies (Legates
and Willmott 1990; Groisman et al. 1996; Xie et al.
1996; Yang 1999), summarizes the methodology of cor-
recting Tretyakov gauge-measured daily precipitation
for biases of wind-induced undercatch, wetting loss, and
trace amounts of precipitation. The newly developed
bias correction methodology was applied at 61 climate
stationsin Siberiafor 7 yr (1986-92), and the magnitude
of the biases and their seasonal/spatial variability were
quantified. Based on the bias-corrected data, a new re-
gional precipitation climatology has been developed. It
is anticipated that bias corrections such as this study
will significantly improve the accuracy and homoge-
neity of precipitation data and will have a meaningful
impact on climate monitoring and hydrological mod-
eling (Groisman and Easterling 1994; Desbois and De-
salmand 1995; Wang and Cho 1997; Ye et al. 1998;
Forland and Hanssen-Bauer 2000). The results of the
bias corrections will also be useful for validation of
climate model simulation in the high latitudes (Bonan
1998; Walsh et al. 1998; Kattsov et al. 1998).

2. Bias correction methods

The Tretyakov gauge has been the standard instru-
ment for measuring both solid and liquid precipitation
in the former Union of Soviet Socialist Republics (here-
inafter FUSSR) climatological and hydrological station
networks since the late 1940s (Groisman et al. 1991).
The Tretyakov gauge operated in the FUSSR is placed
at 2 m and is currently equipped with the Tretyakov
wind shield (Groisman et al. 1991). This gauge is also
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widely used in other countries, such as Finland, Mon-
golia, Afghanistan, Vietnam, and North Korea (Sevruk
and Klemm 1989).

Numerous studies on the Tretyakov gauge have been
conducted since the 1960s. Bogdanova (1966) compared
the Tretyakov gauge with the pit gauge (a gauge in-
stalled in a pit with its orifice at the ground level) at
about 50 locations in the FUSSR and related the Tre-
tyakov gauge catch of rainfall with storm mean wind
speed at the gauge level and with rainfall intensity. Dur-
ing 1972-76, the Tretyakov gauge was tested in the
International Rainfall Comparison of National Precipi-
tation Gauges with a reference pit gauge (Sevruk and
Hamon 1984). Golubev (1985a, 1989) tested various
designs of the double fence with this gauge for snowfall
measurement at the Valdai Hydrological Research Sta-
tion against the so-called Valdai Control System (a
shielded Tretyakov gauge located in the sheltered bush
site at Valdai) and found that the double fence (gauge)
system catches 92%—-96% of the true snowfall. Based
on the experimental data at the Valdai station, Golubev
(1969, 1985b) also devel oped arelation of the Tretyakov
gauge catch of snowfall versus wind speed. Goodison
(1977, 1981) investigated the Tretyakov gauge catch of
snowfall versus snowboard measurementsin a sheltered
site in Canada and quantified the catch efficiency as a
function of wind speed during snowfall period. Grois-
man et al. (1991) reviewed the FUSSR experience on
precipitation measurements and bias corrections. They
summarized the bias correction procedures used in the
FUSSR station networks and reported the magnitudes
of biases in regional and national precipitation data ar-
chives. They concluded that the archived precipitation
records are not only inhomogenous because of changes
of gauge types and method of observations but also
biased owing to the systematic errors in gauge obser-
vation. Inhomogeneity adjustments and bias corrections
of the gauge-measured precipitation data are necessary
for regional climatic and hydrologic analyses.

During the WMO Solid Precipitation Measurement
Intercomparison, the Tretyakov gauges were tested
against the DFIR reference at 11 stations in seven coun-
tries (Golubev et al. 1992, 1995; Goodison et al. 1998).
Extensive experiments on the wetting and evaporation
losses of the Tretyakov gauge and many other national
gauges have been conducted at Jokioinen station in Fin-
land (Aaltonen et al. 1993). In the WMO intercompar-
ison data analysis, the wetting losses for the Tretyakov
gauge were corrected for al the experimental sites
(Yang et a. 1995), as the volumetric method was used
for the Tretyakov gauge readings. The evaporation |oss-
es were not corrected, since experiments showed that
they were very small for the Tretyakov and U.S. gauges
(Adltonen et al. 1993; Golubev et al. 1992). When wind
speed at the gauge height was not measured, it was
reduced from a higher height. The DFIR data were cor-
rected for wind-induced losses using the procedure de-
veloped by Yang et al. (1993). Blowing snow events
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Fic. 1. Selected climate stations in Siberia for this study.

identified by the observers and flagged in the WMO
intercomparison datasets were eliminated from the data
analysis. The intercomparison data collected at the 11
sites for more than three winter seasons were compiled.
They represent a great variety of climate, terrain, and
exposure.

In the WMO intercomparison, catch ratio has been
defined astheratio of the amount of precipitation caught
by a gauge (including the recorded amount and wetting
loss) to the true precipitation (Goodison et al. 1998). It
isknown that small precipitation measurements can cre-
ate significantly large unrealistic variations in the gauge
catch ratios (Goodison et al. 1998). To minimize this
effect, only those daily or precipitation events when the
DFIR measurement was greater than 3 mm were used
in the regression analysis of the WM O intercomparison
data (Yang et al. 1995). Relation of catch ratio as a
function of wind speed and air temperature has been
developed for the Tretyakov gauge using the WMO in-
tercomparison data (Yang et al. 1995; Goodison et al.
1998). It was found in the WMO experiment that wind
speed was the most important factor determining gauge
catch and air temperature had a secondary effect, when
precipitation was classified into snow, mixed, and rain.
The results of the analysis of gauge catch ratio (CR =
measured/DFIR, %) versus wind speed (Ws, m s1) at
gauge height and temperature (Tmax, Tmin, °C) on a
daily time step are presented below for various types of
precipitation:

CR(snow) = 103.10 — 8.67Ws + 0.30Tmax,

(n = 394, R? = 0.66), Q)
CR(mixed) = 96.99 — 4.46Ws + 0.88Tmax
+ 0.22Tmin,
(n = 433, R? = 0.46), 2
CR(rain) = 100.00 — 4.77Ws°%,
(n = 569, R? = 0.47). (©)]

It isimportant to note that a wide range of wind speed
and catch ratio has been covered by the combined da-
taset, and, thus, the correction equations devel oped from
the WM O intercomparison dataset are more likely to be
used in a great range of environment conditions. The
performance of the correction equations was checked

independently by using all the intercomparison data
(without the DFIR > 3.0 mm limitation) at the 11 WMO
experimental stations. The results indicated that at most
of the WM O stations the differences between the overall
totals of corrected precipitation and the true precipita-
tion amount were within 10% for snow and less than
5% for both rain and mixed precipitation (Yang et al.
1995).

Yang et a. (1995) compared the WMO intercompar-
ison results with other studies of the Tretyakov gauge
and found an excellent agreement of catch ratio between
the WMO results and Golubev (1985b) for wind speeds
up to 8 m st on snowfall days. They also noticed that
Goodison (1977, 1981) catch ratios were slightly lower,
about 3%-5%, than those of Golubev (1985b) and the
WMO results for the wind speeds below 4 m s%, for
which there are only a few observations in Goodison
(1977, 1981). Given the fact that different methods of
determining ‘‘true snowfall”” were used in these studies
and that the WM O intercomparison project involved 11
sitesin different climatic regions, the results from these
studies agree well. Based on the above results and anal-
yses, it probably is reasonable to conclude that the
WMO bias correction techniques work well at most of
the WMO experimental stations and they generally
agree with earlier studies (Goodison et al. 1998). They
should therefore be considered for test correction of the
Tretyakov gauge-measured precipitation datain regional
station networks (Goodison et al. 1998).

3. Implementation of the WM O bias correction
methods

Sixty-one climate stations were chosen for this study
(Fig. 1) to represent various climatic conditions in Si-
beria. The daily data of temperature, wind speed, pre-
cipitation, and snow depth on the ground for the period
of 1986-92 were used for this work. The mean yearly
values of temperature, gauge-measured precipitation,
and wind speed at the 61 sites are summarized for the
7 yrin Table 1.

Bias correction of gauge-measured precipitation
should be made for trace precipitation, wetting loss, evap-
oration loss, and wind-induced errors caused by the wind
field deformation over gauge orifice (Sevruk and Hamon
1984). Since the wind field deformation affects the total
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TaBLE 1. Mean temperature, wind speed, and gauge-measured precipitation at 61 climate stations in Siberia, 1986-92.

: A Measured
Coordinates Mean Mean Precipitation days precipi-

Station Lat Long tempera- wind Measur- tation
no. Station name WMO code (N) (BE) ture (°C) (mst) Trace able Snow %  (mm)
1 Habarovsk 31735 48.31 135.07 2.6 2.7 196 117 10 666.7
2 Blagovescensk 31510 50.15 127.34 16 16 223 95 8 525.3
3 Im. P Osipenko 31416 52.25 136.30 -1.9 1.3 241 103 13 483.5
4 Nikolaevsk-Na 31369 53.09 140.42 -16 31 182 155 29 603.7
5 Bomnak 31253 54.43 128.56 -3.8 17 230 112 15 540.7
6 Ajan 31168 56.27 138.09 -20 25 238 105 18 770.8
7 Mondy 30802 51.41 100.59 -1.7 16 245 91 5 353.1
8 Sretensk 30777 52.16 117.42 —-25 1.3 253 93 8 3714
9 Cita 30758 52.01 113.20 -1.7 1.8 239 82 6 362.2
10 Mogoca 30673 53.44 119.47 —4.7 1.2 238 98 11 441.6
11 Bagdarin 30554 54.28 113.35 —-4.7 12 256 78 9 358.0
12 Tassa 30542 54.51 111.09 —4.7 0.5 275 75 11 240.7
13 Zigalovo 30521 54.48 105.10 -3.0 0.9 183 141 19 308.1
14 Tulun 30504 54.36 100.38 -0.2 14 185 137 15 361.1
15 Tynda 30499 55.11 124.40 —-4.5 16 215 121 16 566.3
16 Srdijkalar 30471 55.55 117.32 —-8.2 0.6 259 83 8 403.3
17 Kalakan 30469 55.07 116.45 -7.0 0.5 260 90 9 404.6
18 Nizneangarsk 30433 55.47 109.33 -19 14 195 119 23 3379
19 Kazachengkoye 30337 56.17 107.34 —-2.7 11 146 170 21 400.2
20 Orlinga 30328 56.03 105.50 —-2.8 0.9 153 174 24 362.4
21 Verhe-Markovo 30229 57.20 107.04 -29 14 151 178 25 355.0
22 Mama 30157 58.19 112.52 -33 19 116 210 35 538.1
23 Voroncovka 30151 58.51 112.52 2.7 1.8 132 198 41 623.0
24 Minusinsk 29866 53.42 91.42 2.0 0.9 225 107 12 349.6
25 Barnaul 29838 53.20 83.42 2.6 19 163 146 24 421.1
26 Krasnojarsk 29570 56.02 92.45 1.9 18 135 158 18 462.7
27 Bogucany 29282 58.23 97.27 -0.9 14 144 152 24 338.1
28 Enisgjsk 29263 58.27 92.09 -0.3 17 131 191 29 452.0
29 Kolpasev 29231 58.18 82.54 -0.6 19 127 177 25 505.5
30 Omsk 28698 54.56 73.24 2.0 21 148 151 28 396.2
31 Tobol’sk 28275 58.09 68.15 0.9 2.2 158 161 23 460.9
32 Sejmchan 25703 62.55 152.25 -11.2 15 175 132 47 263.2
33 Anadyr 25563 64.47 177.34 —-7.4 45 164 135 56 381.8
34 Zyrjanka 25400 65.44 150.54 -10.9 16 187 128 38 236.8
35 Mys Uelen 25399 66.10 169.50 -7.2 45 157 182 41 345.2
36 Ilirngj 25248 67.20 168.14 —13.6 1.2 196 111 37 187.2
37 Mys Schmidta 25173 68.55 179.29 -11.2 3.3 154 147 48 250.9
38 Lensk 24923 60.43 114.53 —-4.6 2.2 131 174 34 366.3
39 Pokrjvskaja 24856 61.29 129.09 -9.3 1.8 177 125 27 236.9
40 Erbogachen 24817 61.16 108.01 -54 15 165 158 37 348.3
41 Curapca 24768 62.02 132.36 -10.4 12 221 111 30 209.0
42 Ojmjakon 24688 63.16 143.09 —16.0 0.7 185 125 31 211.2
43 Batamaj 24656 63.31 129.26 -11.0 1.8 200 131 38 257.4
44 Sangary 24652 63.58 127.28 -94 2.6 159 142 41 298.9
45 Njurba 24639 63.17 118.20 -84 15 154 161 33 281.4
46 Tura 24507 64.16 100.14 -7.6 14 109 190 34 400.8
47 Ust-Moma 24382 66.27 143.14 -135 1.0 218 95 28 180.6
48 Verhojansk 24266 67.33 133.23 —14.5 1.3 208 111 32 170.2
49 Dzardzan 24143 68.44 124.00 -12.0 25 172 169 39 315.4
50 Olenek 24125 68.30 112.26 -12.1 2.0 130 164 42 293.7
51 Essej 24105 68.28 102.22 -11.8 1.3 170 139 33 242.0
52 Hanty-Mansijsk 23933 60.58 69.04 -0.9 19 118 179 33 509.1
53 Bor 23884 61.36 90.00 —-2.8 14 106 225 38 647.5
54 Njaksimvol 23724 62.26 60.52 -15 15 173 167 34 523.0
55 Tarko-Sale 23552 64.55 77.49 -5.7 25 116 194 43 513.5
56 Turuhansk 23472 65.47 87.57 -59 2.6 84 237 42 669.6
57 Salehard 23330 66.32 66.32 -5.8 2.2 118 170 35 411.6
58 Cokurdah 21946 70.37 147.53 —-135 2.9 162 143 37 218.0
59 Tiksi 21824 71.35 128.55 —-12.7 3.7 112 167 58 335.0
60 Hatanga 20891 71.59 102.28 —-13.1 3.2 130 176 49 281.1
61 Ostrov Dikson 20674 73.30 80.24 -12.1 45 105 199 58 364.4
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gauge catch, including both the wetting and evaporation
losses, we modified the general model (Sevruk and Ha-
mon 1984) for precipitation correction to

P. = K(P, + AP, + AP, + AP)), 4

where P, is the corrected precipitation: P, is the gauge-
measured precipitation: AP, and AP, are wetting loss
and evaporation loss, respectively; AP, is the trace pre-
cipitation, which is generally a small amount and does
not need wind corrections; and K is the correction co-
efficient (usually K > 1) for wind-induced errors. The
method of determining each of the termsin Eq. (4) has
been developed (Yang et al. 1998b) and is briefly sum-
marized below.

a. Wetting loss

Wetting losses are gauge specific and vary by pre-
cipitation type and the number of times the gauge is
emptied. According to the wetting loss experiments con-
ducted in Russia, the average wetting loss of the Tre-
tyakov gauge was 0.20 mm per observation for rainfall
measurement and 0.15 mm per observation for both
snow and mixed precipitation (Sevruk 1982; Groisman
et al. 1991). Similar values were reported by Elomaa
(1993) and Goodison and Metcalfe (1992).

Wetting loss correction was not conducted in this
study, as it has been corrected in the precipitation ar-
chives of the FUSSR prior to distributing and archiving
the precipitation data (Groisman et al. 1991). It isim-
portant to note that different methods were applied in
the FUSSR for the record periods before and after 1966;
this may have created inhomogeneity in the FUSSR
precipitation data (Groisman et a. 1991). The methods
of wetting loss correction used in the FUSSR since 1967
are summarized by Groisman et al. (1991) as the fol-
lowing: When there is no moisture in the gauge, no
correction appliesfor the wetting loss. If the gauge mea-
surements are less than one-half of the resolution of the
gauge (i.e., 0.1 mm), add 0.1 mm to rain and mixed
precipitation events, but not to snowfall data. When the
gauge measurements are greater than 0.1 mm, add 0.2
mm for rain and mixed precipitation events and 0.1 mm
for snow events.

Studies in the high-latitude regions show that the
mean annual totals of the wetting loss correction in the
Northwest Territories, Alaska, and Greenland were 5%—
10% of the gauge-measured annual precipitation (Met-
calfe et a. 1994; Yang et al. 1998b, 1999b). At an
individual climate station, the annual amount of the wet-
ting loss correction is different among years and the
percentage of the annual correction to the gauge-mea-
sured yearly totals varies as well. Generally, thereis a
clear wetting loss increase with increasing gauge-mea-
sured annual precipitation, since more precipitation gen-
erally requires more observations and more observa-
tions lead to a higher wetting loss (Metcalfe et al. 1994;
Yang et a. 1998b, 1999b). The annual correction for
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the wetting loss in the FUSSR was reported to be be-
tween 5% and 15% of the gauge-measured precipitation;
for regions of low precipitation it composes up to 40%
(Groisman et al. 1991). The mean wetting losses of the
Tretyakov gauge determined by the experimentsin Rus-
sia, Finland, and Canada suggest that the wetting losses
were slightly underestimated by the standard procedures
used in the FUSSR. More efforts are needed to better
quantify the wetting losses and to examine the impact
of wetting loss correction on climate change analysis.

b. Trace precipitation

According to the procedures of wetting loss correc-
tion (Groisman et al. 1991), a precipitation event of less
than 0.10 mm is beyond the resolution of the Tretyakov
gauge measurement. For such precipitation events, a
wetting loss correction should be applied to rain and
mixed precipitation data but not for snow events; this
criterion implies that in the archived precipitation re-
cords there should be no zero precipitation records for
rain and mixed precipitation, except for snow. However,
the data used for this work include many zero precip-
itation events of both liquid and solid forms; thisclearly
indicates that trace precipitation events do exit in the
precipitation archive and they have not been accounted
for in the wetting loss corrections.

Climate data collected during 198692 in Siberiain-
dicate that the annual gauge-measured precipitation var-
ied greatly from 400—700 mm in the western regionsto
200-700 mm in central and eastern regions. The per-
centage of snow in annual precipitation decreased from
45%-55% in the north to 5%—25% in the south aress,
with the temperature increasing from north to south. The
total number of precipitation days (e.g., the sum of the
days with trace precipitation and measurable precipi-
tation) ranged from 275 to 350 at these stations (Table
1). The average number of trace precipitation days var-
ied from 80 to 275 for the 7 yr. Geographically, more
trace precipitation days were recorded in the southern
regions and trace precipitation recordings there can
make up 50%—-80% of the annual total of precipitation
days. More trace precipitation days were reported in the
summer season than in winter, but the percentage of
trace precipitation days to the total number of days of
precipitation is much higher in the relatively dry winter
season.

It has been reported that in northern Alaska, Green-
land, and the North Pole regions about 80% of the winter
snowfall records consisted of trace precipitation events
(Benson 1982; Yang et al. 1998b, 1999b; Colony et al.
1998; Yang 1999). For instance, in some winter months,
no measurable precipitation was reported in northern
Alaska except trace amounts of snowfall. Similar find-
ings were also reported for the Northwest Territories
and Yukon of Canada (Metcalfe et al. 1994). Woo and
Steer (1979) designed a method of measuring trace rain-
fall in the Canadian high Arctic and determined a mean
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rate of 0.01 mm h~t. Unfortunately, there were no data
available for the period of trace precipitation in the cli-
mate archive, since trace precipitation is not measurable
by an ordinary precipitation gauge. Precipitation ob-
servations in Siberia show that a number of trace pre-
cipitation events are reported in a single trace-precipi-
tation day, thus it is not unreasonable to assume that a
trace event could be a small precipitation amount of
0.05-0.15 mm. To be conservative, trace precipitation
was corrected on adaily basisin this study; for example,
for any given trace day, regardless of the number of the
trace observations reported, a value of 0.10 mm was
assigned and added to the monthly total.
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Siberia for 1986-92.

The averaged yearly correction for trace precipitation
varied from 8 to 28 mm at the 61 stations, or about 1%—
12% of the gauge-measured annual precipitation over
Siberia. The amount of trace record is inversely pro-
portional to the gauge-measured annual precipitation for
the 7 yr (Fig. 2), as was reported by Yang et al. (1998b,
1999b) and Benson (1982) for Greenland and Alaska.
Correction for trace precipitation is thus important, es-
pecially in the central and northeast regions of low pre-
cipitation. It isimportant to note that, after identification
of trace precipitation days, the number of measurable
precipitation days exhibits a larger variation across Si-
beria (Fig. 3). Therefore, it is necessary to separatetrace
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Fic. 3. Mean yearly total number of precipitation days for 1986-92 at the 61 climate stations
in Siberia
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precipitation days from measurable precipitation days
when analyzing precipitation climatein the high-latitude
regions.

c. Evaporation loss

Comprehensive assessment of evaporation losses of
many national gauges was conducted during the WMO
intercomparison project, and the results indicated that
average daily losses varied by gauge type and time of
the year (Aaltonen et al. 1993; Goodison et al. 1998).
For the Tretyakov gauge tested at the Jokioinen exper-
imental station in Finland, evaporation lossesin summer
of 0.30-0.80 mm day—* and winter of 0.10-0.20 mm
day-*, respectively, were reported (Aaltonen et al.
1993). These evaporation rates are close to the maxi-
mum, given that the experiments were carried out on
nonprecipitation days. Evaporation losses are strongly
dependent on weather condition and methods of obser-
vations, such as the number of times of daily obser-
vations (Sevruk 1982). Its daily variation and seasonal
change are great and can be very site dependent. It is,
therefore, difficult to estimate with any confidence the
daily evaporation losses at climate station network by
using the average evaporation amount obtained from
other experimental sites. For the above reasons, evap-
oration loss in Siberia was not corrected in this study.

In a previous study, the mean July evaporation loss
was estimated by Russian scientists to be 2%6—8% of the
monthly total precipitation over Siberia for the period
1953-65, when precipitation measurements were made
two times per day by the Tretyakov gauges (Groisman
et al. 1991). For other periods, evaporation lossis much
less than that in July. The annual evaporation loss in
Siberia regions is expected to be small because of low
temperature and relatively small amounts of precipita-
tion, particularly in the northern Siberia regions. Ne-
glecting correction for thisloss in this study will there-
fore not significantly affect the results of the bias cor-
rections.

d. Wind-induced gauge undercatch

To correct for wind-induced gauge undercatch, wind
speed at gauge height is required. Wind measurements
were made at the standard height of 10 m in the ob-
servational network of the FUSSR, and these data for
Siberian regions were available for this study. Wind
speeds at the height of the gauge orifice were estimated
from measurements at the standard height, using the
logarithmic wind profile approach. Roughness length is
required in the wind profile technique. According to
Sevruk (1982) and Golubev et a. (1992), Z, = 0.01 m
for a winter snow surface and Z, = 0.03 m for short
grass in the summer are appropriate average roughness
parameters for most sites. In this study, Z, = 0.01 m
was used for the cold period from September to May
when snow cover exists most of the time in Siberia. A
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value of Z, = 0.03 m was assigned to the warm period
from Juneto August. It has been suggested that exposure
of gauge should be considered when reducing wind from
the standard height to the gauge level (Sevruk 1982).
Gauge exposure depends on the average vertical angle
of obstacles around the gauge; it can be directly mea-
sured or estimated by a classification system based on
metadata archives (Sevruk 1982). Siberian station me-
tadata are not available for this work or most global-
scale bias corrections. Site exposure was not accounted
for in wind speed estimates at the gauge height. This
fact may introduce some uncertainty in estimation of
gauge catch efficiency.

It has been well documented that, for the same wind
speed, gauge undercatch of snow is much higher than
for rain (Larson and Peck 1974; Goodison et al. 1981,
1998; Yang et al. 1995, 1998a). Classifying the type of
precipitation istherefore necessary to apply the best wind
loss correction. In this work, type of precipitation was
classified by daily air temperature. The temperature cri-
terions are set at —2° and +2°C, that is, snow and rain
for daily temperature below —2° and above +2°C, re-
spectively, and mixed precipitation when daily temper-
ature is in between —2° and +2°C. Snow depth records
were also used for confirmation of snow classification.

For the snow category, blowing snow events were
found reported on some precipitation days in Siberia.
Blowing snow conditions on precipitation days are a spe-
cial case when correcting the gauge-measured precipi-
tation data. It is possible that, under certain conditions,
any gauge can catch some blowing snow. Since wind
speeds are generally greater during blowing snow events,
a larger correction for undercatch could be applied to a
measured total already augmented by blowing snow. This
problem would be most severe for gauges mounted close
to the ground. The Tretyakov gauges in Siberia were
placed 2 m above the ground, and the potential impact
of blowing snow on winter precipitation measurements
and bias corrections in the Russian Arctic has been rec-
ognized by Russian scientists (UNESCO 1978; Struzer
1971). To avoid the possible overcorrection caused by
high wind on snowfall days, an upper value of wind speed
has to be determined (Goodison et a. 1998). Corrections
at higher wind speed are estimated by using thisthreshold
wind speed (WMO/CIMO 1993). This threshold is im-
portant because the regression equations that are derived
from the WMO intercomparison data are only valid sta-
tigtically for the interval for which they are developed
and should not be used for extrapolation outside of this
range. The threshold mean daily wind speed was set up
at 6.5 m st at gauge height for the correction equations
in this study. Blowing snow events were often observed
and reported when mean daily wind speeds at 2 m were
higher than 6.5-7.0 m s~ at the WM O experimental sites,
indicating that wind of 6.5 m s* (at 2-m height) might
be a reasonable value for the initiation of blowing snow.

Once daily wind speed at the gauge height was de-
termined, the daily catch ratio (CR, %) for the Tretyakov
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gauge was calculated using the regression Egs. (1) to
(3) for snow, mixed, and rain. The wind loss correction
coefficient K was calculated asK = 100/CR. Theresults
of the calculations show that average yearly corrections
for the wind-induced undercatch range from 6 to 316
mm over Siberia (Table 2). Spatial variation of the year-
ly corrections for wind-induced undercatch are induced
by variability of wind speed, air temperature, percentage
of snow in annual precipitation, and amount of gauge-
measured precipitation. Generally the corrections are
higher in windy and cold regions.

e. Discussion of correction methods and results

Several necessary adjustments were made in the im-
plementation of the WMO bias correction methods to
Siberian regions, and consequently the general bias cor-
rection equation has not been applied exactly in this
study. First, correction for wetting loss was not nec-
essary for this analysis, because it has been added to
the gauge measurements (Groisman et al. 1991). Sec-
ond, correction for evaporation loss was neglected be-
cause of insufficient information of regional evaporation
rates from the Tretyakov gauges. Third, trace-precipi-
tation events were corrected on a daily basis, not for
each observation reported in a day, and no wind cor-
rection was applied to the trace-precipitation events.
These adjustments made quantification of the biasesrel-
atively easier, once wind speed, gauge-measured pre-
cipitation, and temperature data are available. The re-
sults of bias correction should be regarded as conser-
vative for amajority of the Siberian regions except those
areas of very high winds and frequent blowing snow.
More important, it has been reported that the WMO
intercomparison reference gauge (DFIR) does not ov-
ercatch snowfall (Golubev 1985a, 1985b; Yang et al.
1995). The correction for wind-induced gauge under-
catch of snowfall in Siberia is therefore not overesti-
mated by the WMO method.

It has been realized that uncertainties exist in the
applications of bias corrections because of the tech-
niques used for estimation of wind speed at the gauge
level from a standard height and classification of pre-
cipitation type by air temperature (Yang et al. 1999b).
Random errors in the input data and regression equa-
tions will also affect the results of bias corrections and
need to be assessed.

4. Bias-corrected precipitation climatology

Monthly bias corrections vary greatly over Siberian
regions because of different climate characteristics,
particularly snow and wind conditions. To demonstrate
the seasonal cycle of the bias corrections and the as-
sociated changes in precipitation amount due to the
corrections, Fig. 4 presents monthly correction results
at selected Siberian climate stations along the 80°E
longitude. The common features of the bias corrections
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across this north—south profile can be summarized as
follows. 1) In each month, the absolute monthly
amount of wind-induced error was always greater than
trace precipitation. 2) A clear seasonal variation of the
monthly correction factor (CF, ratio of the monthly
corrected to gauge-measured precipitation including
wetting loss) exists: high CF values for snow in the
cold season and low CF values for rain in the warm
season, because of the higher wind loss for snow than
for rain and due to the smaller amount of absolute
precipitation in the cold season.

Table 2 summarizes the yearly total corrections for
wind-induced error and trace amount of precipitation.
For each station the individual corrections are stated
and summed. The sum of the corrections is added to
the gauge catch (P, + AP,,) to obtain the corrected value
p.. The overall annual CF is then the ratio P./(P, +
AP,). The maximum and minimum CF values are also
provided in the table to illustrate the interannual vari-
ation. This CF variation isinduced by year-to-year fluc-
tuation of wind speed, air temperature, and frequency
of snowfall. Thisis particularly accentuated in southern
Siberian winter months, for which a small variation in
air temperature greatly influences the proportion of
snowfall precipitation.

Based on the data in Table 2, yearly precipitation
and yearly correction-factor maps were generated and
are presented in Fig. 5. The spatial distribution pattern
of gauge-measured annual precipitation is quantita-
tively consistent with other maps based on the longer
data records such as Wang and Cho (1997). The bias-
corrected yearly precipitation map, however, shows
much higher values, particularly in the northwest re-
gions, although precipitation distribution pattern has
not been changed much by the bias corrections. A
general poleward increase of the percentage of the
annual correction, ranging from 1.20 in the southern
regionsup to 1.75in the Arctic sectors, is clearly seen
(Fig. 5), and it ismainly due to the lower temperature,
higher snowfall proportion, and higher winds on pre-
cipitation days in the northern regions (Fig. 6). Sim-
ilar features of the CF distributions were found for
the continental United States, Greenland, and north-
ern Canada (Legates and Deliberty 1993; Yang et al.
1998hb, 1999b; Metcalfe et al. 1994). In addition, pre-
cipitation bias corrections in northern Canada (Met-
calfe and Goodison 1993) and Alaska (Yang et al.
1998b) indicated that trace-precipitation and wetting-
loss corrections were important in the high latitudes.
This study showed that, because of the higher snow-
fall undercatch of the Tretyakov gauge than the Ca-
nadian Nipher snow gauge (Goodison et al. 1998;
Yang et al. 1999a), wind-induced error was the largest
bias and trace amount of precipitation was also sig-
nificant, particularly in the central and northeastern
Siberian regions.
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TaBLE 2. Yearly summary of bias corrections of daily precipitation data at 61 climate stations in Siberia, 1986-92.
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mgca's;rtgd corections ngce'cg'ed Correction factor (CF)
Station tion* Trace Wind loss Sum tation

No. Station name (mm) (mm) (mm) (mm) (mm) Mean Max Min

1 Habarovsk 666.7 19.6 66.7 86.3 753.0 113 115 1.10

2 Blagovescensk 525.3 22.3 42.0 64.3 589.5 112 1.15 1.10

3 Im. P Osipenko 483.5 24.1 58.0 82.1 565.6 117 1.25 112

4 Nikolaevsk-Na 603.7 18.2 163.1 181.3 785.0 1.30 141 1.25

5 Bomnak 540.7 23.0 40.8 63.8 604.6 112 1.16 1.10

6 Ajan 770.8 23.8 149.9 173.7 944.5 1.23 1.36 1.18

7 Mondy 353.1 245 24.2 48.7 401.8 114 114 113

8 Sretensk 3714 25.3 27.9 53.2 424.6 114 1.20 112

9 Cita 362.2 23.9 29.8 53.7 4159 115 1.18 113
10 Mogoca 441.6 23.8 32.8 56.6 498.2 1.13 1.15 111
11 Bagdarin 358.0 25.6 24.6 50.2 408.2 114 117 112
12 Tassa 240.7 275 6.5 34.0 274.6 114 124 111
13 Zigalovo 308.1 18.3 171 35.4 343.4 111 114 111
14 Tulun 361.1 185 26.6 45.1 406.3 112 1.16 1.10
15 Tynda 566.3 215 40.6 62.1 628.5 111 114 1.10
16 Srdijkalar 403.3 25.9 16.3 42.2 4455 1.10 1.15 1.07
17 Kalakan 404.6 26.0 14.4 40.4 445.0 1.10 114 1.08
18 Nizneangarsk 3379 195 26.5 46.0 383.8 114 1.16 111
19 Kazachengkoye 400.2 14.6 26.3 40.9 441.1 1.10 112 1.09
20 Orlinga 362.4 15.3 19.8 35.1 397.4 1.10 111 1.09
21 Verhe-Markovo 355.0 151 315 46.6 401.7 113 115 111
22 Mama 538.1 116 718 834 621.5 1.15 117 1.13
23 Voroncovka 623.0 13.2 93.2 106.4 729.4 1.17 1.22 1.12
24 Minusinsk 349.6 225 191 41.6 391.2 112 112 112
25 Barnaul 421.1 16.3 60.2 76.5 497.7 1.18 1.22 113
26 Krasnojarsk 462.7 135 48.6 62.1 524.8 1.13 117 112
27 Bogucany 338.1 14.4 28.6 43.0 381.1 113 1.16 111
28 Enisgjsk 452.0 131 52.8 65.9 517.8 1.15 1.19 112
29 Kolpasev 505.5 12.7 60.9 73.6 579.1 115 117 113
30 Omsk 396.2 14.8 56.6 71.4 467.6 1.18 1.22 1.15
31 Tobol’sk 460.9 15.8 72.2 88.0 548.9 119 1.22 117
32 Sejmchan 263.2 175 33.6 51.1 314.3 1.19 124 112
33 Anadyr 381.8 16.4 316.2 332.6 714.4 1.87 2.20 1.64
34 Zyrjanka 236.8 18.7 37.7 56.4 293.2 124 1.33 1.19
35 Mys Uelen 345.2 15.7 181.6 197.3 542.5 157 167 1.45
36 Ilirngj 187.2 19.6 21.0 40.6 227.8 1.22 1.25 117
37 Mys Schmidta 250.9 154 131.4 146.8 397.8 1.59 1.78 147
38 Lensk 366.3 131 55.6 68.7 434.9 1.19 121 1.15
39 Pokrjvskaja 236.9 17.7 24.4 42.1 279.0 1.18 1.23 115
40 Erbogachen 348.3 16.5 323 48.8 397.1 114 1.15 1.10
41 Curapca 209.0 221 175 39.6 248.6 119 1.23 114
42 Ojmjakon 211.2 185 12.0 30.5 241.7 114 1.19 112
43 Batamaj 257.4 20.0 32.1 52.1 309.5 1.20 1.26 1.18
44 Sangary 298.9 159 79.0 94.9 393.8 1.32 1.36 127
45 Njurba 281.4 154 317 47.1 3285 117 1.20 114
46 Tura 400.8 109 32.2 43.1 443.8 111 112 1.10
a7 Ust-Moma 180.6 21.8 13.9 35.7 216.2 1.20 1.22 117
48 Verhojansk 170.2 20.8 14.6 354 205.6 121 124 1.18
49 Dzardzan 315.4 17.2 82.2 99.4 414.7 1.32 1.40 1.29
50 Olenek 293.7 13.0 52.2 65.2 358.9 1.22 1.29 117
51 Essej 242.0 17.0 313 48.3 290.3 1.20 1.28 114
52 Hanty-Mansijsk 509.1 11.8 68.1 79.9 589.1 1.16 1.19 1.13
53 Bor 647.5 10.6 59.7 70.3 717.8 111 113 1.09
54 Njaksimvol 523.0 17.3 46.9 64.2 587.2 112 114 111
55 Tarko-Sale 513.5 11.6 126.3 137.9 651.4 127 1.36 121
56 Turuhansk 669.6 8.4 159.0 167.4 836.9 1.25 1.28 1.22
57 Salehard 411.6 11.8 70.0 81.8 493.3 1.20 1.25 1.16
58 Cokurdah 218.0 16.2 62.7 78.9 296.9 1.36 1.49 131
59 Tiksi 335.0 11.2 257.0 268.2 603.2 1.80 1.94 154
60 Hatanga 281.1 13.0 121.2 134.2 415.2 1.48 1.73 1.33
61 Ostrov Dikson 364.4 105 292.5 303.0 667.4 1.83 1.94 1.65

* Measured precipitation including recorded amount and wetting loss.



APRIL 2001 YANG AND OHATA 131

120
a) DIKSON, 73.30N, 80.24E DOtrace amount

1L I
% Ewind loss B2
S
) Bl measured
8
g
a
>
i
5
s
£
£
=
S
;|
=3
8
Q.
>
ESS
c
[s]
=
£
E
§
b
:‘é’_
8
[=%
>
=
5
=

120
—_ d) BARNAUL, 53.20N, 83.42E
E 100 4
=
o
=
a
®
a
>
£
5
=

Month

Fic. 4. Mean monthly corrections for wind-induced error and trace amount of precipitation at
selected stations (north—south profile along 80°E long) for 1986-92.

5. Comparison with other climatologies These biases generally increase poleward and with el-
It has been reported that global precipitation amounts evation because of the increased proportion of snowfall.

are underestimated by approximately 11% because of ~However, up to now most of the existing global and
gauge measurement biases (Legatesand Willmott 1990).  regional precipitation climatologies have not attempted
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a) Measured mean annual precipitation (mm), Siberia, 1986-1992
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b) Corrected mean annual precipitation (mm), Siberia, 1986-1992
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Fic. 5. Contour maps of (a) gauge-measured and (b) bias-corrected annual precipitation, and (c) the correction factor.

to incorporate bias corrections, with only two excep-
tions. In the late 1970s, Russian scientists, when cal-
culating world water balance, carried out a global-scale
bias correction of gauge-measured data on a monthly
time step (UNESCO 1978). They produced global maps

of bias-corrected precipitation and bias correction fac-
tors. For Siberian regions, they reported that bias cor-
rections increased annual precipitation by 50%—70%
(UNESCO 1978). Legates and Willmott (1990) con-
ducted bias corrections for the wind-induced gauge un-
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a) Mean annual temperature (C), Siberia, 1986-1992
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b) Mean snow percent (%), Siberia, 1986-1992
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¢) Mean daily wind speed (m/s) for precipitation days at gauge height (2m), Siberia, 1986-1992
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Fic. 6. Maps of (a) mean annual temperature, (b) mean snow percentage, and (c) mean daily wind speed for
precipitation days.




134

dercatch, wetting, and evaporation losses at over 24 000
stations around the world. Their correction procedure,
based largely on an extension of methods given by Sev-
ruk (1982, 1989) and Sevruk and Hamon (1984), utilizes
mean monthly wind speed and accounts for siting dif-
ferences between each country, including gauge type,
orifice height, and exposure. The bias-corrected results
showed a north—south gradient of annual precipitation
(200—400 mm) for Siberian regions (Legates and Will-
mott 1990). A comparative assessment of the existing
global precipitation climatologies indicated that the re-
sults of Legates and Willmott (1990) compared favor-
ably with the Russian estimates (UNESCO 1978).

Regional precipitation maps and climatologies have
also been developed for Siberian regions. Lenart (1991)
analyzed gauge-measured data for the polar regions
(north of 60°N) and produced a precipitation map. The
map indicates that Siberian precipitation annual totals
varied from less than 200 mm on the northern coast to
over 400 mm in the southern regions. Wang and Cho
(1997) examined the spatial and temporal structures of
precipitation trend over northern Eurasia. They adjusted
the monthly precipitation records for inhomogeneity due
to gauge change and systematic error of gauge under-
catch, using the methods and information provided by
Groisman et a. (1991) and generated long-term annual
precipitation maps. Their results show high precipitation
of 500-600 mm in western Siberia (Yenisey River ba-
sin) and low precipitation of 200—400 mm in the eastern
section (Lena River basin). Recently Russian scientists
compiled a detailed precipitation map based on the
gauge-measured data for the Lena River basin (Zaitzeva
1999). It shows a great spatial variation of annual pre-
cipitation over this basin: yearly precipitation varies
from 200-250 mm in the northern coastal regions up
to 1000 mm in the southern mountain areas, and the
central lowlands and river valley arerelatively dry, with
annual precipitation between 200 and 300 mm.

The above studies have generally revealed the basic
features of precipitation distribution over Siberia, but
these climatologies are qualitatively different. Thisdis-
crepancy may be due to different datasets and analysis
methods used for the studies. In comparison with those
precipitation climatologies mentioned above, the pre-
cipitation maps derived from gauge-measured data in
this study generally show a similar spatial distribution
pattern over Siberia. However, the bias-corrected pre-
cipitation maps of this study demonstrated higher annual
precipitation over Siberia, particularly in the northwest
sectors where bias corrections have raised yearly pre-
cipitation from 600 to 750 mm.

In this study, the relative increases of annual total
precipitation owing to the bias corrections vary from
10%—-25% in the southern regions to 40%—-80% on the
northern coast. The magnitudes of these relative in-
creases are compatible with those reported by Russian
scientists (UNESCO 1978) and Legates and Willmott
(1990). This result is expected, because the spatial var-
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iability of the relative increases of annual precipitation
due to the bias corrections is much smaller than that of
the corrected precipitation amounts (UNESCO 1978;
Yang et al. 1998b, 1999b). The Russian studies and
climatologies take into account gauge metadata and |o-
cal knowledge of snow climate and the recording pro-
cedures (UNESCO 1978; Groisman et al. 1991). The
results of this work confirm the conclusions of earlier
studies (UNESCO 1978; Groisman et al. 1991) that the
precipitation amount in Siberiais higher than previously
reported, particularly in winter season and in northern
locations where snowfall dominates.

It is important to emphasize that the focus of this
study is atest application of the WMO bias correction
methodology to Siberia to explore the applicability of
this procedure to the high-latitude regions. This study
has some advantages over other similar analyses. It uti-
lizes a consistent bias correction methodology that has
been developed from the WMO experiments and suc-
cessfully tested in avariety of climate conditions (Good-
ison et al. 1998). It conducted bias correction of pre-
cipitation records in Siberia on a daily basis for 7 yr
and quantified the monthly, annual amounts of the biases
and their interannual variations. Usually daily bias cor-
rections will produce better results than monthly cor-
rections, because daily wind speeds vary throughout a
month and monthly mean wind speeds may not be rep-
resentative of wind conditions on precipitation days
(Yang et al. 1998b). Legates and Willmott (1990)
showed that observation-based precipitation climatol-
ogies are generally consistent regardless of the time pe-
riod of record. This work, however, used consistent ob-
servation periods, which have fewer inhomogeneity
problems in comparison with the long-term datafor oth-
er studies. Comparisons of our results with other studies
have demonstrated a general agreement. As found in
this study, test applications of the WMO bias correction
methods in other cold regions, such asin northern Can-
ada (Metcalfe and Goodison 1993; Metcalfeet al. 1994),
Nordic countries (Forland et al. 1996), Alaska (Yang et
al. 1998b), Greenland (Yang et al. 1999b), and the Arctic
Ocean (Yang 1999), clearly show that the WMO meth-
ods are easier to use and more applicable than the other
bias correction procedures derived from local experi-
ments. Systematic implementation of the WMO bias-
correction procedure to regional and national precipi-
tation recordsin the high latitudes will produce unbiased
and compatible precipitation datasets and climatologies
for the northern regions as a whole.

6. Discussion

Bias correction of snowfall data for windy and cold
climates is a great challenge, because gauges signifi-
cantly undercatch snowfall at high winds and blowing
snow can potentially introduce huge errors. The WMO
bias correction methods were developed from a mid-
latitude experiment (Goodison et al. 1998). These meth-
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Fic. 7. Mean daily wind speed at 2 m for snowfall days at the 61 sites in Siberia.

ods are expected to be appropriate for daily mean wind
speeds below 6.5 m st at the gauge height, as blowing
snow events at higher wind speeds were eliminated from
the method development (Goodison et al. 1998). Re-
cently there have been some concerns about its appli-
cability in the high-latitude regions and for Arctic con-
ditions in particular (WCRP/ACSY S 1997).

To evaluate the applicability of the WMO methods
to the high latitudes, wind conditions need to be ex-
amined. Figure 7 shows the mean daily wind speeds for
snowfall days at the 61 locations in Siberia. It is seen
that mean wind speeds were lower than 6.5 m s* at
most stations, except at few windy locationsin northern
Siberia. Daily wind speeds (at 2-m height) on snowfall
days were analyzed in detail at 10 selected stations in
Siberia (Fig. 8). It was found that, along the northern
Siberian coast, daily gauge-measured snowfall ranged
from less than 1 up to 25-30 mm, with the mean value
between 10 and 15 mm day-*. Daily wind speeds
spanned from calm up to 20 m s, and the mean wind
speeds for snowfall days were near 3.5-5.9 ms. Itis
important to note that, in the northern coastal regions,
daily wind speeds on 50%—60% of snowfall days fell
in the wind range of 8-20 m s~*. Under such high wind
conditions in cold temperatures, it is likely that blowing
snow may occur (Li and Ponmeroy 1997; Struzer 1971,
Pomeroy and Gray 1995). In addition, there is a general
tendency of high gauge-measured snowfall amount as-
sociated with high wind speedsin northern Siberia, such
as at Tiksi and Dikson stations. This relationship may
suggest that Tretyakov gauges collected blowing snow
fluxes. In the Siberian inland regions, mean daily snow-
fall amount was lower, with the maximum being less
than 15 mm day—*. The corresponding daily wind speeds
were lower (ranging from calm to 7 m s~ at most of
the sites) in comparison with the northern coast. There
is no association of high snowfall amounts with high

wind speedsin the Siberian inland regions. Thisanalysis
indicates that possible blowing snow events may be a
problem that will create uncertainties in quantifying
gauge catch of snowfall inthe northern Siberian regions.

Blowing snow fluxes collected by precipitation gaug-
es are called false precipitation (UNESCO 1978). Based
on field observations at a windy alpine location in the
Colorado Front Range, Bardsley and Williams (1997)
reported that blowing snow events often occur after the
storms at high wind speeds over 20 m s and may
introduce 50% overcatch over awinter season. Pomeroy
and Gray (1995) reported that blowing snow fluxes can
reach 2 m in height when wind speeds at 10-m height
are between 6 and 8 m s~*. Under severe blowing con-
ditions and over terrain where the upstream fetch is
several kilometers long, the layers of suspended snow
extend to heights of hundreds of meters (Pomeroy and
Gray 1995). Struzer (1971) found that the critical (mean
daily) wind speed at 2-m height for false snowfall con-
dition was 8.5 m s * over Antarctic land areas, and
Struzer and Bryangin (1971) developed methods of cal-
culating false snowfall amount. Their methods employ
station elevation, air temperature, wind speed at the
gauge height, and the duration (hours) of blowing snow
in a day. Jordan et al. (1999), when calculating heat
budget on snow-covered sea ice of the Arctic Ocean,
used the methods of Struzer and Bryangin (1971) to
estimate false snowfall at high wind conditions. Golu-
bev et al. (1997) summarized the Russian techniques
and computed false snowfall amounts at selected lo-
cations in the FUSSR. Their results showed the correc-
tion factors for snowfall data differed by less than 20%
with and without accounting for false precipitation at
seven out of eight sites. At Dikson Island in northern
Siberia (the eighth site), winter wind speeds were very
high and the CF difference was as high as 140% (Go-
lubev et al. 1997).
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Fic. 8. Daily snowfall amount versus daily wind speed (at 2-m height) at selected stations in Siberia

To estimate the amount of false snowfall associated
with high winds and possible blowing snow events in
northern Siberia, the methods of Struzer and Bryangin
(1971) were applied to Tiksi daily data for 1986. The
critical (mean daily) wind speed at 2-m height for false
snowfall condition was set up at 8.5 m st over land
(Struzer and Bryangin 1971; Golubev et al. 1997). Ac-
cording to this threshold, the number of days of possible
false snowfall at Tiksi ranged from O to 6 days in the
winter months of 1986, with a yearly total of 15 days.
Duration of blowing snow in a day is required to cal-
culate the false snowfall amount; this parameter is not
available in the climate data used for thiswork. A study
in Ngjar-Mar in the FUSSR indicated the daily maxi-
mum duration of blowing snow may vary from 6 to 24
h for daily wind speeds over 7 m s~* (Golubev et al.
1997). In our calculation, a duration of 12 h was as-
signed to all the possible blowing snow dayswhen daily
wind speeds were greater than 8.5 m s *. The results
of the calculation show that the false snowfall amount

in most winter months was estimated to be 0-20 mm,
that is, 50%—100% of the gauge-measured monthly total
snowfall, and in March the estimated false snowfall ex-
ceeded the gauge-measured amount. The yearly total of
the estimated false snowfall is about 60 mm, or 23% of
the gauge-measured annual precipitation (Table 3).

To further illustrate the impact of possiblefalse snowfall
in gauge catch, monthly P, — P; and the ratio of (P, —
P)/P, were computed and presented in Table 3. The value
of P, — P, should be considered to be the most conser-
vative bias correction, because it excludes false snowfall
from the bias-corrected winter precipitation amount. This
conservative correction brings up the winter monthly
snowfal at alower rate, that is, about 50%—70% increase
(in comparison with 150%—-240% increase for P.). The
relative annual increase of the yearly precipitation due to
the bias corrections is about 25% versus 50% with and
without considering possible false snowfall.

It seems clear that blowing snow events and possible
false precipitation can be very important when com-
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puting gauge catch of snowfall in windy locations. How-
ever, it isimportant to point out that the scope of blow-
ing snow and false snowfall islimited to only the north-
ern Siberian regions. At most Siberian sites, wind speeds
on snowfall days are lower than the threshold wind,
indicating that the WMO bias correction methods are
suitable for the majority of the Siberian regions. Similar
work in Alaska and Greenland aso showed a general
applicability of the WMO bias correction techniques in
those regions (Yang et al. 1998b, 1999b). Thesefindings
probably justify the implementation of the WMO bias
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correction procedures with the threshold wind speed
(6.5 m s7%) in the high-latitude regions.

Limitations and uncertainties exist in both bias cor-
rection and estimation of the false snowfall in Siberian
regions. The WMO bias correction method and the pro-
cedure of estimating false snowfall (based on studiesin
the Antarctic) need further testing and validation in the
northern high latitudes (Goodison et al. 1998; Golubev
1996). More efforts to refine the bias correction tech-
niques and further gauge intercomparison experiments
to investigate gauge performance in the Arctic regions
of high winds have been recommended (WCRP/ACSY S
1997).

7. Conclusions

The bias correction procedures derived from the
WMO Solid Precipitation Measurement |ntercompari-
son dataset for the Tretyakov gauge have been applied
at 61 climate stationsin Siberian regionsfor 7 yr. Biases
of wind-induced undercatch and trace amounts of pre-
cipitation were corrected on adaily basis, and the gauge-
measured annual precipitation was increased signifi-
cantly by 30-330 mm (about 10%—65% of the gauge-
measured yearly total). Of the biases in precipitation
measurement, wind loss is the greatest. Trace amount
of precipitation is also a significant error in the regions
of low precipitation. The correction is greater in the
winter season and smaller in summer because of the
increased effect of wind on gauge undercatch of snow-
fall.

The monthly correction factors in Siberia differed
from station to station. At an individual station, the
monthly correction factors varied by type of precipi-
tation and by month, since these biases depend on wind
speed, trace amount of precipitation, and the actual
gauge-measured precipitation amount. In addition, there
is a considerable interannual variation of the bias cor-

TaBLE 3. Estimation of false precipitation amount at Tiksi for 1986. Tmn = monthly mean temperature; U, = wind speed at gauge
height (2 m); P, = gauge-measured precipitation, including wetting loss; P, = false precipitation; P, = corrected precipitation.

Precipitation days

Correction factors

U, > 6.5U, > 85 Tmn U, P, P, P, P, — P (P, — P/
Month All ms! mst °C) (ms?) (mm) (mm) (mm) (mm) P./P, 9
1 13 2 0 —34.2 37 8.2 0.0 14.0 14.0 1.71 1.71
2 12 9 6 —25.3 10.8 27.2 20.0 66.3 46.3 2.44 1.70
3 11 5 4 —22.8 9.0 18.2 21.6 39.8 18.2 2.19 1.00
4 6 1 0 -16.3 49 6.0 0.0 9.6 9.6 1.60 1.60
5 17 0 0 -6.5 5.6 18.6 0.0 30.6 30.6 1.65 1.65
6 14 0 0 2.8 5.3 25.8 0.0 30.5 30.5 1.18 1.18
7 15 0 0 4.7 45 18.3 0.0 20.4 20.4 111 111
8 15 0 0 5.8 5.0 66.1 0.0 74.2 74.2 112 1.12
9 23 0 0 15 6.2 41.9 0.0 48.8 48.8 1.16 1.16
10 19 8 3 -6.4 8.5 20.8 10.4 41.2 30.8 1.98 1.48
11 13 4 2 —238 6.9 7.1 7.1 115 44 1.62 0.62
12 10 1 0 —28.2 45 5.9 0.0 8.9 8.9 151 151
Mean/sum 168 30 15 —-12.4 6.2 264.1 59.1 395.8 336.7 1.50 127
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rections, due to the fluctuation of wind speed, air tem-
perature, and frequency of snowfall. It is clear that the
monthly correction factors are not constant. Thus cor-
rection of the biases should not be conducted on a
monthly basis, and the monthly correction factors ob-
tained from one intercomparison station should not be
used for other climatic and hydrological stationswithout
detailed analysis of wind and snow climate. Bias cor-
rections should be conducted on a daily basis for the
entire recording period for each individual station in an
observational network. These corrections require con-
siderable station information (metadata) and additional
meteorological information (i.e., wind speed at gauge
height on precipitation days, temperature, precipitation
type, and gauge-measured amount of precipitation) for
their implementation (Yang and Goodison 1998). The
bias correction such as demonstrated in this work will
have a meaningful impact on climate change and var-
iation analyses of large regions.

Significant increase of precipitation amount due to
the bias corrections has been recently reported in the
high latitudes (Metcalfe et a. 1994; Goodison and Yang
1995; Yang et al. 1998b, 1999b; Yang 1999). This in-
crease points to a need to review our understanding of
both terrestrial and oceanic water budgets in the north-
ern regions. In addition, model validation based on
available precipitation estimates has shown that most of
the Atmospheric Model Intercomparison Project models
appear to oversimulate present-day Arctic precipitation
(Bonan 1998; Kattsov et al. 1998; Walsh et al. 1998).
Results of the bias corrections of precipitation records
in the northern regions (Metcalfe et a. 1994; Goodison
and Yang 1995; Yang et a. 1998b, 1999b; Yang 1999)
argue that this apparent oversimulation in fact partly
results from the observed precipitation being too low
because of the observational biases. Thisresult may also
imply that the models are performing better in the high-
latitude regions than we give them credit. To obtain
compatible and unbiased precipitation databases and cli-
matologies at regional to global scales, more efforts are
needed to further reduce the observational biases and
other uncertainties in precipitation estimates, particu-
larly in the high-latitude regions.
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