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Abstract. A methodology for correcting the Hellmann gauge-measured daily
precipitation for wind-induced undercatch, wetting loss, and trace amount of precipitation
was presented and applied at 12 climate stations in Greenland for years 1994–1997. The
results show the following: (1) daily corrections of the biases increase the gauge-measured
annual precipitation by 35–280 mm for the 4 years (about 25–90% of the gauge-measured
yearly total) in Greenland; (2) of the biases, wind-induced undercatch is the source of
greatest error; wetting loss and trace amount of precipitation are also significant biases in
the northern Greenland regions of low precipitation; (3) monthly correction factors
(corrected/measured precipitation) differ by station and, at an individual station, by type
of precipitation; (4) considerable intra-annual variation of the yearly corrections has been
found in Greenland due to the fluctuation of wind speed, air temperature, and frequency
of snowfall. These results suggest that annual precipitation in Greenland is much higher
than previously reported, particularly in the southern regions of high precipitation; and
the latitudinal precipitation gradient may also be greater over Greenland. These results
will have a significant impact to water budget and glacier mass balance studies in
Greenland.

1. Introduction

It has long been realized that systematic errors such as wind-
induced undercatch, wetting, and evaporation losses in precip-
itation measurement affect all types of precipitation gauges
[Goodison et al., 1981; Sevruk, 1982; Tabler et al., 1990]. The
need to correct these biases especially for solid precipitation
measurement has now been more widely acknowledged, as the
magnitude of the errors and their variation among gauges
became known and their potential effects on regional, national
and global climatological, hydrological, and climate change
studies were recognized [Goodison and Yang, 1995; Yang and
Goodison, 1998; Walsh et al., 1998; Desbois and Desalmand,
1995; Legates, 1995; Legates and Willmott, 1990; Hanssen-Bauer
and Forland, 1994; Groisman and Easterling, 1994; Groisman
and Legates, 1994; Karl et al., 1993; Groisman et al., 1991].

To assess national methods of measuring solid precipitation,
including past and current procedures, automatic systems, and
new methods of observation, the World Meteorological Orga-
nization (WMO) initiated the Solid Precipitation Measure-
ment Intercomparison Project in 1985 [WMO/CIMO, 1985;
Goodison et al., 1989]. The intercomparison was designed to
(1) determine wind-induced errors in national methods of
measuring solid precipitation, including wetting and evapora-
tion losses; (2) derive standard methods for correcting solid

precipitation measurements; and (3) introduce a reference
method of solid precipitation measurement for general use to
calibrate any type of precipitation gauge [Goodison et al.,
1989].

The reference method for the true snowfall measurement
was critical for this intercomparison. After reviewing all pos-
sible practical methods (bush shield, double fence shield, forest
clearing, snow board, dual gauge system), the WMO Organiz-
ing Committee for the intercomparison designated the octag-
onal vertical double fence, surrounding a shielded Tretyakov
gauge, as the intercomparison reference (DFIR) [Goodison et
al., 1981; Golubev, 1985a, b; Goodison et al., 1989]. The DFIR
was operated at 19 stations in 10 countries around the world
during the study.

The Hellmann gauge is one of the most widely used precip-
itation gauges at about 30,080 locations around the world. It is
the standard gauge in 30 countries [Sevruk and Klemm, 1989].
The Hellmann gauge is a nonrecording gauge for both rain and
snow measurements. It is 43 cm high, with an orifice area of
200 cm2. There are various versions of the Hellmann gauges.
The designs of the Hellmann gauges are very similar [Sevruk
and Klemm, 1989]: they all have the same orifice area. A metal
cross is installed in the Danish Hellmann gauge to prevent
snow to be blown out of the gauge. In different countries the
Hellmann gauges are placed at the height of 0.6–1.5 m above
the ground, and in some countries, they are equipped with a
wind shield (such as Nipher type shield and Tretyakov shield)
[Sevruk and Klemm, 1989]. Many experimental studies on the
Hellmann gauges have been conducted [Sevruk, 1982; Gunther,
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1993; Milkovic, 1989; Allerup et al., 1997]. The Hellmann
gauges were tested in the International Comparison of Na-
tional Precipitation Gauge with a reference pit gauge [Sevruk
and Hamon, 1984]. The correction method for wind-induced
undercatch of rainfall measurement has been developed
[Sevruk, 1981; Sevruk and Hamon, 1984] and applied to the
archived precipitation data in Switzerland [Sevruk, 1993].

The WMO Solid Precipitation Measurement Intercompari-
son provided the opportunity to develop and evaluate the
improved correction procedures on a daily or 6 hourly time-
scale for a number of precipitation gauges commonly used
around the world [Goodison et al., 1998; Goodison and Yang,
1995; Yang et al., 1995; Yang et al., 1998a]. This paper presents
a summary of the methodology of correcting Hellmann gauge-
measured daily precipitation for biases of wind-induced under-
catch, wetting loss, and trace amount of precipitation. Appli-
cation of the proposed methodology was made at 12 climate
stations in Greenland for four example years (1994–1997). As
a result, the magnitude of the biases was quantified and their
seasonal and spatial variability was demonstrated. Discussions
of the correction methods and results were made by compar-
ison of this work to other studies. It is expected that the bias
correction, such as demonstrated by this study, will significantly
improve the accuracy and homogeneity of precipitation data
and will have an impact on climate monitoring and hydrolog-
ical modeling. The results of this study will also be useful for
validation of the GCM/RCM simulation in the high latitudes
[Walsh et al., 1998; Kattsov et al., 1998].

2. Correction Method
During the WMO Solid Precipitation Measurement Inter-

comparison the Hellmann gauges were tested against the
DFIR reference at four stations in Finland, Russia, Germany,
and Croatia. Extensive experiments on the wetting and evap-
oration losses of the Hellmann gauges and many other national
gauges have been conducted at the Jokioinen Station in Fin-

land [Aaltonen et al., 1993]. The wetting losses for both the
Tretyakov gauge and the Hellmann gauge were corrected
when the volumetric method was used for the gauge readings
[Aaltonen et al., 1993]. The evaporation losses were not cor-
rected since experiments showed that they were very small
[Aaltonen 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 corrected for wind-
induced losses using the procedure derived by Yang et al.
[1993]. Blowing snow events in the intercomparison data were
carefully identified and eliminated from further analysis. The
intercomparison data collected at the four sites for more than
three winter seasons were compiled; they represented a great
variety of climate, terrain, and exposure. Relation of catch
ratio as a function of wind speed and air temperature has been
developed for the Hellmann gauges [Yang et al., 1994; Gunther,
1993; Yang et al., 1999].

The Hellmann gauges used in Greenland were equipped
with a modified Nipher wind shield. This gauge and shield
configuration has been tested at Harzgerode in Germany dur-
ing the WMO intercomparison [Gunther, 1993]. Data analysis
indicates that wind speed is the only factor with the statistically
significant relationship to the gauge catch, and air temperature
does not have a statistically significant effect on the gauge
catch, when precipitation is classified into snow, rain, and
mixed. It is known that an unrealistically large variation of the
catch ratio will be introduced by the small absolute differences
between gauges for small precipitation events. To minimize
this effect, only those intercomparison data when the DFIR
measurement was greater than 3.0 mm were used for the sta-
tistical analysis.

Figure 1 shows, as an example, the daily catch ratio of snow
for the Hellmann gauge versus daily wind speed at the gauge
height. A wide range of wind speed and catch ratio (CR) has
been sampled over several winter seasons at the experimental
site; this may ensure that the derived correction method is

Figure 1. Relation of daily catch ratio of snow for the Hellmann gauge versus daily wind speed at gauge
height, Harzgerode, Germany.
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more likely to be applicable to a wide range of climate condi-
tions. The scatterplots of the CR wind for rain and mixed
precipitation generally have similar patterns as for snow. The
scatter of the CR is smaller for mixed precipitation and rain
events, and their catch ratios are higher (in comparison to
snow events), particularly at high wind speeds, indicating less
effect of wind on gauge catch of rain and mixed precipitation.
Regression analyses derived the best fit relation of daily catch
ratio (CR, %) as a function of the daily wind speed (Ws, m/s)
at the gauge height for various precipitation types.

Snow

CR 5 100.00 2 11.95Ws 1 0.55Ws2, (0 # WS # 6.5 m/s),

~n 5 43, R2 5 0.50! , (1)

Mixed precipitation

CR 5 100.00 2 8.16Ws 1 0.45Ws2, (0 # WS # 6.5 m/s),

~n 5 31, R2 5 0.43! , (2)

Rain

CR 5 100.00 2 4.37Ws 1 0.35Ws2, (0 # WS # 6.5 m/s),

~n 5 48, R2 5 0.21! , (3)

Statistical tests show that these relations are significant at
90–95% confidence level. The performance of the correction
equations (1)–(3) was further checked independently by using
all the intercomparison data (without the DFIR . 3.0 mm
limitation) at the Harzgerode WMO intercomparison station.
The results demonstrated that the differences between the
totals of corrected precipitation and the DFIR measurements
were 6% for snow and less than 3% for both rain and mixed
precipitation. Therefore these correction equations work gen-
erally well at the experimental station and they should be used
for test correction of the Hellmann gauge-measured precipi-
tation data in regional station networks.

3. Application of the Method
Twelve climate stations in Greenland were chosen for this

study. These stations spread along the coastal lines and repre-
sent various climatic conditions (Figure 2). The site and instru-
mental information (gauge height, shielding information, ane-
mometer height) is given in Table 1. The daily data of
temperature, wind speed, precipitation, snowfall, and snow
depth on the ground for the period of 1994–1997 were ob-
tained from the U.S. National Climatic Data Center. The mean
yearly values of temperature, gauge-measured precipitation,
and wind speed at the 12 sites were summarized for the 4 years
in Table 2.

Correction of gauge-measured precipitation should be made
for trace precipitation, wetting losses, evaporation 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 gauge catch, including both the
wetting and the evaporation losses, we modified the general
model [Sevruk and Hamon, 1984] for precipitation correction
to

Pc 5 K~Pg 1 DPw 1 DPe! 1 DPt (4)

Where Pc is the corrected precipitation, Pg is the gauge-
measured precipitation, DPw and DPe are wetting loss and

evaporation loss, respectively, DPt is the trace precipitation,
and K is the correction coefficient (usually K . 1) for wind-
induced errors. The method of determining each of the terms
in (4) is given below.

3.1. Trace Precipitation

For the Hellmann gauge, a measurement of precipitation of
less than 0.10 mm is beyond the resolution of the gauge mea-
surement, and thus it is recorded as a trace precipitation event.
Officially, all of the trace precipitation is treated quantitatively
as a zero event which contributes nothing to the monthly totals.
However, the day during which trace precipitation was re-
corded is counted as a precipitation day.

Climate data collected during 1994–1997 in Greenland in-
dicate that the annual gauge-measured precipitation varied
greatly from 80–200 mm in the northern regions to 350–700
mm in the southern coast. The percentage of snow in annual
precipitation decreased from 70–80% in the north to 40–50%
in the south coast, 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 precipita-
tion) ranged from 120 to 230 at the 12 stations (Table 2). The
average numbers of trace precipitation days varied from 60 to
125 for the 4 years. Geographically, more trace precipitation
days were recorded in the northern Greenland regions and
trace precipitation recordings there can make up 50 to 70% of
the annual total of precipitation days. For example, 88 of the
136 precipitation days were trace days at Danmarkshavn and
the values were 125 out of 203 at Thule. Seasonally, more trace
precipitation days were reported in summer than in winter in
northern Greenland, but the percent of trace precipitation
days to the total number of days of precipitation is much higher
in the relatively dry winter season than in the wet summer
season.

It has been reported that in northern Alaska and the North
Pole regions, about 80% of the winter snowfall record con-
sisted of trace [Yang et al., 1998b; Benson, 1982; Colony et al.,

Figure 2. Selected climate stations in Greenland for this
study.
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1998]. In some winter months, no measurable precipitation was
reported in the northern Alaska except trace amounts of snow-
fall. Similar finding was also reported for Northwest Territories
(NWT) and Yukon of Canada [Metcalfe et al., 1994]. Woo and
Steer [1979] designed a method of measuring trace rainfall in
the high arctic and determined a mean rate of 0.01 mm/h.
Unfortunately, there were no data available for the period of
trace precipitation in the climate archive since trace precipita-
tion is not measurable by an ordinary precipitation gauge.
Precipitation observations in Greenland show that a number of
events of trace precipitation are reported in a single trace
precipitation day, thus it is not unreasonable to assume that a
trace precipitation could be a measurable amount of 0.05–0.15
mm. To be conservative, trace precipitation was corrected on a
daily basis in this study, for example, for any given trace day
regardless of the number of trace observations reported, a
value of 0.10 mm was assigned and added to the monthly total.

The averaged yearly correction for trace precipitation varied
from 6 to 13 mm at the 12 stations, or about 5–11% of the
gauge-measured annual precipitation in the northern regions
and less than 3% in the southern regions. Unlike Alaska [Yang
et al., 1998b], the trace correction in Greenland shows very
similar values between summer and winter seasons. For in-
stance, the averaged monthly totals varied between 0.8 and 1.3
mm for the 4 years at Thule. On the average, the total correc-
tions at Thule account for 5–25% of the gauge-measured
monthly precipitation.

The amount of trace record is inversely proportional to the
gauge-measured annual precipitation for the 4 years (Figure

3), as was reported by Yang et al. [1998b] and Benson [1982] for
Alaska. Thus correction for trace precipitation is important
especially in the northern Greenland regions of low precipita-
tion. It is important to note that after identifying trace precip-
itation days, the number of measurable precipitation days ex-
hibits a larger variation across Greenland (Figure 4).
Therefore we recommend to separate trace precipitation days
from measurable precipitation days when analyzing precipita-
tion climate in the northern Greenland regions.

3.2. Wetting Losses

Wetting losses are gauge specific and vary by precipitation
type and the number of times the gauge is emptied. According
to the wetting loss experiments, the average wetting loss of the
Hellmann gauge was 0.14 mm per observation for rain and 0.10
mm for snow [Aaltonen et al., 1993]. In this study, wetting loss
was calculated on a daily basis. For each precipitation day, an
averaged wetting loss was determined according to the type of
precipitation and added to the daily record. This is the mini-
mum correction since generally more than one observation was
made in a precipitation day.

For the 4 years, the mean annual totals of the wetting loss
correction were between 5 and 15 mm at the 12 stations in
Greenland, or 5–6% of the gauge-measured annual precipita-
tion in the northern region and 2–3% for the other regions
(Table 3). At each individual climate station, the annual
amount of the wetting loss correction is different between the
4 years, and the percentage of the annual correction to the
gauge-measured yearly totals is different between years as well.

Table 1. Siting and Instrumental Information at 12 Climate Stations in Greenland

Station

WMO
Station

Identification

Coordinates
Elevation,

m
Wind Sensor

Height, m
Gauge

Height, m
Wind
ShieldN W

Danmarkshavn 43200 76.46 18.46 12 10 3.0 yes
Thule (AFB) 42020 76.31 68.50 59 3 3.0 yes
Scoresbysund 43390 70.29 21.58 66 10 3.0 yes
Egedesminde 42200 68.42 52.45 47 10 3.0 yes
Sondre stromfjord 42310 67.01 50.48 55 10 3.0 yes
Holsteindborg 42300 66.55 53.40 9 8 3.0 yes
Angmagssalik 43600 65.36 37.34 35 8 3.0 yes
Godthab 42500 64.10 51.45 27 10 3.0 yes
Frederikshab 42600 62.00 49.43 16 10 3.0 yes
Narssarssuaq 42700 61.11 45.25 26 9 3.0 yes
Julianehab 42720 60.43 46.03 29 15 3.0 yes
Prins Christian Sund 43900 60.02 43.07 76 8 3.0 yes

Table 2. Mean Temperature, Wind Speed, and Gauge Measured Precipitation at 12 Stations in Greenland for 1994–1997

Station

Temperature, C Wind
Speed,

m/s
Precipitation

Days
Trace
Days

Gauge
Measured,

mm

Percent
of

SnowMin Max

Danmarkshavn 215.1 28.3 4.2 136 88 80.0 74.3
Thule (AFB) 214.5 28.0 4.1 203 125 135.8 80.8
Scoresbysund 28.4 22.2 3.7 165 89 193.8 67.6
Egedesminde 27.5 22.4 3.4 156 85 195.7 61.4
Sondre stromfjord 29.6 0.6 3.5 131 88 97.2 52.0
Holsteindborg 26.7 21.2 3.2 121 77 154.3 44.9
Angmagssalik 23.5 1.8 2.1 187 90 489.0 56.0
Godthab 23.8 1.6 5.1 202 92 405.3 58.8
Frederikshab 24.0 2.2 3.1 146 60 490.4 47.0
Narssarssuaq 22.4 4.9 4.1 168 91 345.8 52.0
Julianehab 22.0 3.9 4.5 171 71 521.3 47.8
Prins Christian Sund 21.5 2.9 6.8 189 73 720.9 48.1
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Generally, there is a clear wetting loss increase with increasing
gauge-measured annual precipitation in Greenland, since
more precipitation generally requires more observations and
more observation leads to a higher wetting loss.

3.3. Evaporation Loss

Comprehensive assessment of evaporation losses indicated
that average daily losses varied by gauge type and time of the
year. For the Danish Hellmann gauge at Jokioinen in Finland,
evaporation losses in summer of 0.16–0.27 mm/d and winter of
0.03–0.24 mm/d were measured [Aaltonen et al., 1993]. Ideally,
evaporation loss should be corrected. However, because of its
strong dependence on weather condition and its daily variation
and seasonal change which can be very site dependent, it is not

appropriate to estimate the daily evaporation loss at climate
stations by using the average evaporation amount obtained
from other experimental sites. Therefore evaporation loss was
not corrected in this study.

3.4. Wind-Induced Errors

To correct for wind-induced undercatch, wind speed at
gauge height is required. When wind speed is not measured at
the height of the gauge, it was estimated from measurements at
higher heights, using the logarithmic wind profile approach.
Roughness length is required by the wind profile technique.
According to Sevruk [1982] and Golubev et al. [1992], Z0 5
0.01 m for a winter snow surface and Z0 5 0.03 m for short
grass in the summer are appropriate average roughness param-
eters for most sites. In this study, Z0 5 0.01 m was used for
the cold period from September to May and Z0 5 0.03 m was
assigned to the warm period from June to August in Green-
land.

It has been well documented that for the same wind speed
gauge, undercatch for snow is much higher than for rain
[Goodison et al., 1981; Yang et al., 1995, 1998b]. Classifying the
type of precipitation is therefore necessary in order to apply
the best wind-loss correction. In this study, type of precipita-
tion was classified into snow, mixed and rain. For the snow
category, blowing snow events were found reported on some of
precipitation days in Greenland.

Blowing snow conditions on precipitation days are a special
case when correcting the gauge-measured precipitation 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 “under-
catch” 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 Hellmann gauges in

Figure 3. Number of trace precipitation days versus gauge-
measured annual precipitation at the 12 climate stations in
Greenland for years 1994–1997.

Figure 4. Number of precipitation days in 1996 at the 12 climate stations in Greenland.
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Greenland were placed at 3 m above the ground. To avoid the
possible overcorrection caused by high wind on precipitation
days, an upper value of wind speed has to be determined.
Corrections at higher wind speed are estimated by using this
threshold wind speed [WMO/CIMO, 1993]. This is important
since the regression equations that are derived from the Inter-
comparison data are only valid statistically for the interval for
which they are developed and should not be used for extrap-
olation outside of this range. The threshold wind speed was set
up at 6.5 m/s at gauge height for the correction equations in
this study, since insufficient wind data greater than this thresh-
old were collected at the WMO sites.

When daily wind speed at the gauge height was available, the
daily catch ratio (CR, %) for the Nipher-shielded Hellmann
gauges was calculated on a daily basis using the regression
equations (1)–(3) for snow, mixed, and rain. The wind-loss
correction coefficient (K) was calculated as K 5 100/CR.

The average yearly correction for the wind-induced bias at
the 12 stations range from 60 to 260 mm for the 4 years (Table
3). Spatial variation of the yearly corrections for wind-induced
undercatch in Greenland can be explained by wind speed,
percent of snow in annual precipitation, gauge-measured pre-
cipitation amount. Generally, the absolute amount of the
yearly correction increased with increasing gauge-measured
annual precipitation from north to south. However, the per-
centage of the yearly correction to the gauge-measured annual
total decreased from 50–75% in the northern regions to 20–
40% in the southern regions, because of the north-south gra-
dient of percentage of snowfall.

3.5. Monthly and Yearly Total Corrections

Monthly variation of the corrections shows the following: (1)
in each month the absolute monthly amount of wind-induced
error was always greater than wetting loss and trace precipita-
tion; (2) the contribution of trace precipitation and wetting loss
to the total correction decreased from north to south, in the
most southern region (such as at Prince Christianssund), trace
precipitation was almost negligible; (3) monthly precipitation
was increased by 30–50% due to the corrections, and it was
even doubled for winter months in the northern regions of
Greenland (Figure 5, for example).

It is important to note the seasonal variation of the monthly
correction factor (CF, ratio of the monthly corrected to gauge-
measured precipitation), i.e., the high values for snow data in
the cold season from September to May and the low values for
rain data in the warm season from June to August, due to the

higher wind loss for snow than for rain and due to the smaller
amount of absolute precipitation in the cold season than in the
warm season. It is even more important to realize the intra-
annual variation of the monthly CF values due to the fluctua-
tion of wind speed, frequency (or percentage) of snowfall,
number of trace precipitation events, amount of gauge-
measured precipitation and air temperature.

Table 3 summarizes the yearly total corrections for wind-
induced error, wetting loss, and trace precipitation. For each
station the individual corrections are stated and summed. The
sum of the corrections is added to the gauge catch (Pg) to
obtain the corrected value ( pc). The overall annual correction
factor (CF) is then the ratio Pc/Pg. Although the sum of the

Figure 5. Mean monthly corrections for wind-induced error,
wetting loss, and trace amount of precipitation at Thule and
Danmarkshavn Stations for 1994–1997.

Table 3. Corrections of Gauge-Measured Annual Precipitation at 12 Climate Stations in Greenland for 1994–1997

Pg
mm

Corrections, mm
Pc,
mm

Correction Factor

Wind Wetting Trace Sum Mean Min Max

Danmarkshavn 80.0 60.8 5.1 8.8 74.7 154.7 1.93 1.86 2.04
Thule (AFB) 135.8 90.6 8.3 12.5 111.4 247.2 1.82 1.66 1.99
Scoresbysund 193.8 103.1 8.3 8.9 120.3 314.0 1.62 1.58 1.68
Egedesminde 195.7 77.2 8.2 8.5 96.4 292.1 1.49 1.36 1.76
Sondre stromfjord 97.2 19.3 5.3 8.8 35.9 133.1 1.37 1.31 1.43
Holsteindborg 154.3 61.7 5.2 7.7 74.5 228.8 1.48 1.31 1.52
Angmagssalik 489.0 102.0 11.8 9.0 122.7 611.7 1.25 1.17 1.34
Godthab 409.0 171.8 15.6 10.4 197.7 606.7 1.48 1.24 1.52
Frederikshab 490.4 123.2 10.5 6.0 139.7 630.1 1.28 1.20 1.35
Narssarssuaq 345.8 64.7 9.9 9.1 83.7 429.5 1.24 1.20 1.29
Julianehab 521.3 143.9 12.8 7.1 163.8 685.1 1.31 1.28 1.36
Prins Christian Sund 720.9 262.0 14.7 7.3 284.0 1004.9 1.39 1.35 1.48
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absolute corrections was highest for Prince Christianssund, the
highest annual correction factors were generally in the arctic
stations. For the 4 years the maximum CF was at Danmark-
shavn and the minimum CF was at Angmagssalik.

Studies of precipitation correction 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 high latitudes. This study in Greenland
showed that due to the higher undercatch of snowfall of the
Hellmann gauge, wind-induced error was the largest bias and
wetting loss and trace amount of precipitation were significant
errors as well. In northern Greenland regions, trace correction
is even greater than wetting loss (Table 3).

4. Discussion
Different methods of correcting gauge measurements for

systematic errors have been developed and applied for clima-
tological and hydrological studies [Larsson and Peck, 1974;
Groisman et al., 1991; Groisman and Legates, 1993; Groisman
and Easterling, 1994; Groisman et al., 1996; Metcalfe and Goodi-
son, 1993; Metcalfe et al., 1994; Sevruk et al., 1993; Legates and
Deliberty, 1993; Goodison and Yang, 1995; Yang and Goodison,
1998; Yang et al., 1998a, b; UNESCO, 1974]. The validity of
these correction techniques for different climate conditions
needs to be evaluated, and the compatibility of the correction
results among different geophysical regions also needs to be
investigated.

Bias correction was conducted on a daily timescale in this
study, using the correction method derived from daily experi-
mental data of the WMO intercomparison. Correction on a
shorter timescale, such as hourly or 6 hourly is expected to
produce better results since wind speeds may vary throughout
the day and daily mean wind speeds may not be representative
of wind conditions of precipitation periods. To assess the er-
rors that are incurred in use of daily versus shorter time inter-
vals, hourly or 6 hourly data are required. Hourly or 6 hourly
Greenland data are not available to this study. An alternative
site at Resolute Bay, NWT, Canada, with similar climate con-
ditions as in Greenland (i.e., windy and cold with snow domi-
nation) was thus chosen for the comparative runs of 6 hourly
versus daily corrections. It was found that for the Canadian
Nipher gauge used at this site, the errors of daily correction in
the selected months are small on a daily basis (Figure 6) and
the monthly results of daily and 6 hourly corrections compared
very well to each other (Table 4). The Hellmann gauge is not
used in Canada, and correction factors (CF) were calculated
for this gauge, using 6 hourly versus daily wind data at Resolute
Station. The results illustrate a visible scatter in the daily CF
comparison (Figure 6), but the monthly mean CF values of
daily and 6 hourly corrections generally agreed better, with the
difference being less than 10% for most of the months (Table
4). Given the uncertainties of estimation of wind speed at
gauge height from a standard height and classification of pre-
cipitation types by surface air temperature, it seems reasonable
to conclude that the errors of daily corrections are essentially
random and they tend to cancel out when monthly totals are
computed.

It has been lately reported that blowing snow is important to
gauge correction in Alaska [Yang et al., 1998b]. Greenland
climate data show less blowing snow events due to lower wind
speed. It is however important to point out that the threshold
wind speed (6.5 m/s) for correcting wind-induced error is not

very low for the 12 stations in Greenland. For instance, Prince
Christianssund is the windiest site of the 12 stations. The an-
nual mean daily wind was 6.8 m/s at 8 m and 5.6 m/s at gauge
height (of 3 m) for the 4 years. At Prince Christianssund there
were 41 days out of 190 precipitation days in the 4 years when
daily wind speed at gauge height was greater than the thresh-
old wind. Number of days when wind exceeds the threshold
was much less at other sites. It is therefore appropriate to set
up the threshold wind at 6.5 m/s and to apply the correction
procedures with this threshold wind in Greenland.

It is interesting to compare this work to other studies. In a
Greenland arctic drainage basin (768N) water balance study,
Thomsen [1991] estimated the annual precipitation correction
factors to be 1.25–2.40; this estimation generally agreed well
with our correction results (Table 3). Canada has conducted
preliminary tests in applying bias correction to its digital ar-
chive data in Northwest Territories [Metcalfe et al., 1994]. The
results indicated that actual annual precipitation can be 50–
100% greater than the gauge-measured amount in Canadian
arctic regions. Table 5 gives the results of bias correction at five
selected climate stations in the eastern Arctic regions of Can-
ada. These results are compatible to the current Greenland
work, since both studies used the same reference instrument
(i.e., DFIR) for true snowfall estimation. It is apparent that the
relative increase of annual precipitation due to the corrections
were lower at the Canadian stations, regardless of the higher
percentage of snowfall at these sites; this is mainly because the
Hellmann gauge catches much less snow than the Canadian

Figure 6. Comparison of daily versus 6 hourly corrections
during May to July 1996 at Resolute Bay, NWT, Canada, for
(a) corrected daily precipitation of Canadian Nipher gauge (in
millimeters) and (b) correction factor of the Hellmann gauge.
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Nipher gauge at the same wind speeds (Figure 7). This
comparison therefore clearly demonstrates that discontinu-
ity of observed precipitation data exist across national
boundaries.

Efforts have been reported to produce precipitation clima-
tologies for Greenland. Bromwich et al. [1998] have evaluated
recent precipitation studies, including results of numerical
analyses. Thomsen [1991] found large spatial variations of an-
nual precipitation across Greenland: a strong latitudinal gra-
dient, with the annual total being less than 200 mm in the
extreme north and more than 1500 mm in the southeastern
Greenland; and also a significant longitudinal variation, with
higher precipitation at the coast and lower precipitation (200–
300 mm) on the ice sheets. Lenart [1991] produced a precipi-
tation map for the polar regions (north of 608N), Greenland
precipitation annual totals varied from 800 mm in the south
coast to 150 mm in the northern regions. Ohmura and Reeh
[1991] constructed new precipitation and accumulation maps
of Greenland. Their results provided a higher-resolution dis-
tribution of precipitation and accumulation. The annual totals
of more than 2500 mm on the southeastern tip of Greenland
and about 100 mm in northern Greenland were reported; a
strong longitudinal gradient in the southern Greenland was
also found, with the eastern coast receiving considerably more
precipitation than the west coast. The mean annual precipita-
tion for all Greenland was estimated to be 340 mm [Ohmura
and Reeh, 1991].

The above studies have generally revealed the basic features
of precipitation distribution over Greenland, but the climatolo-
gies derived are qualitatively very different. This discrepancy
may be due to different data sets and analysis methods used for
the studies. For instance, Ohmura and Reeh [1991] used a
combination of snow pits, ice core data, and climatic observa-
tions in the coast regions for their analysis, and they estimated
annual precipitation on Greenland ice sheets from glacier ac-

cumulation. Thomsen [1991] considered biases of gauge mea-
surements and used bias-corrected precipitation data in his
work.

Ohmura and Reeh [1991] provided the climate normals of
annual gauge-measured precipitation for the period of 1950s–
1980s at 35 stations operated by the Danish Meteorological
Institute in Greenland. In comparison to these long-term an-
nual means, the annual precipitation for 1994 to 1997 was
generally lower, perhaps indicating temporal variability of pre-
cipitation in Greenland. Given the intra-annual variation of
wind, temperature, and precipitation, it is recommended to
conduct the bias correction for the entire recording period on
a daily timescale [Yang and Goodison, 1998]. However, it is also
useful to estimate the magnitude of the bias correction by
simplified approaches. Table 6 gives an example of such ef-
forts. The maximum and minimum values of yearly CF derived
from the daily corrections for 1994–1997 was applied to the
long-term means at the selected sites in Greenland. The results
indicate that the corrected long-term annual precipitation may
vary from 260–280 mm for the northern regions to 3300–3600
mm for the southern coasts. These results suggest that annual
precipitation in Greenland is much higher than previously re-
ported, particularly in the southern regions of high precipita-
tion; this may imply a greater latitudinal precipitation gradient
across Greenland and also a higher mean precipitation for all
Greenland. These bias correction results therefore will have a
meaningful impact on water budget and glacier mass balance
studies in Greenland.

Legates and Deliberty [1993] reported a general poleward
increase of the percent of correction in winter seasons over the
continental United States due to the increasing snowfall pro-
portion. This study in Greenland shows the basic feature of
increasing percentage of the annual correction from the south
coast to the northern arctic regions. To achieve a better un-
derstanding of spatial variability of the corrections, more cli-

Table 4. Monthly Summary of Daily Versus 6 Hourly Corrections for Canadian Nipher Gauge and Hellmann Gauge,
Resolute Bay, NWT, Canada, 1996

Mean
Temp,

8C

Mean
Wind

at 10 m,
m/s

Number of
Precip
Days

Measured
Precip,

mm

Nipher Correction
Hellmann Correction

Factor

Daily,
mm

6 Hourly,
mm Daily 6 Hourly

May 28.9 7.0 7 4.8 6.7 7.3 2.15 2.17
June 21.0 6.4 16 53.4 74.0 72.2 1.74 1.85
July 3.3 5.6 14 30.4 39.0 39.9 1.76 1.86

Sum/mean 22.2 6.3 37 88.6 119.7 119.4 1.82 1.91

Table 5. Comparison of Bias Correction Between Eastern Canadian Arctic and Northern Greenland

Station

Eastern Canadian Arctic, 1947–1992 [Metcalfe et al., 1994]

Station

Northern Greenland, 1994–1997
(This Study)

Coordinate
Elevation,

m

Gauge
Measured,

mm

Percent
of

Snow
Pc,
mm Mean CF

Gauge
Measured,

mm

Percent
of

Snow
Pc,
mm Mean CFN W

Alter 82.30 62.20 62 155.5 90.0 207.7 1.37 Danmarkshavn 80.0 74.3 154.7 1.93
Eureka 79.59 85.56 10 68.0 78.5 102.6 1.51 Thule (AFB) 135.8 80.8 247.2 1.82
Resolute 74.43 94.59 67 139.8 73.0 220.2 1.58 Scoresbysund 193.8 67.6 314.0 1.62
Clyde 70.29 68.31 25 225.6 79.0 313.9 1.39 Egedesminde 195.7 61.4 292.1 1.49
Cape Dyer 66.35 61.37 393 633.6 84.0 856.8 1.35 Sondre stromfjord 97.2 52.0 133.1 1.37

YANG ET AL.: PRECIPITATION CORRECTION FOR GREENLAND6178



mate stations in Greenland, particularly those research stations
located in central Greenland ice cap, should be involved and
more years of precipitation data should be corrected. Further
analysis of the corrected precipitation in the circumpolar coun-
tries is certainly necessary to evaluate the validity of the pre-
cipitation correction procedures for the polar regions. Gridded
products of the corrected precipitation should also be devel-
oped for validation of the climate model simulations [Walsh et
al., 1998; Kattsov et al., 1998].

5. Conclusion
The correction procedures derived from the WMO Solid

Precipitation Measurement Intercomparison data set for the
Hellmann gauge have been applied at 12 climate stations in
Greenland for four test years. Biases of wind-induced under-
catch, wetting loss and trace amount of precipitation were
corrected on a daily basis, and the gauge-measured annual
precipitation was increased significantly by 35 to 280 mm
(about 25 to 90% of the gauge-measured yearly total) at the 12
stations. Of the biases in precipitation measurement, wind loss
is the greatest. Wetting loss and trace amount of precipitation
are also significant errors in the northern Greenland regions of
low precipitation. Seasonally, the correction is greater in win-
ter and smaller in summer due to the increased effect of wind
on gauge undercatch of snowfall.

The monthly correction factors (corrected/measured precip-
itation) in Greenland differed from station to station. At an
individual station the monthly correction factors varied by type
of precipitation and by month even for the same type of pre-
cipitation, since these biases not only dependent on the wind
speed but also on the wetting loss, trace amount of precipita-
tion, and the actual gauge-measured precipitation amount. In
addition, there is a considerable intra-annual variation of the
magnitude of the correction, due to the fluctuation of wind
speed, air temperature, and frequency of snowfall. It is clear
that the monthly correction factors are not constant. Thus
correction of the biases should not be conducted on a monthly
basis and the monthly correction factors obtained from one
intercomparison station should not be used for other climatic
and hydrological stations without further detailed analysis on
wind and snow climate. Bias corrections should be conducted
on a daily basis for the entire recording period for each indi-
vidual station in an observational network. These corrections
require considerable station information (metadata) and addi-
tional meteorological information (i.e., wind at gauge height
on precipitation days, temperature, precipitation type, and
gauge-measured amount of precipitation) for their implemen-
tation.

The WMO Solid Precipitation Measurement Intercompari-
son has provided new correction techniques for a number of
precipitation gauges commonly used around the world [Goodi-
son et al., 1998], such as the Canadian Nipher snow gauge
[Goodison and Metcalfe, 1992], the U.S. National Weather
Service (NWS) 80 standard gauge [Yang et al., 1998b], the
Russian Tretyakov gauge [Yang et al., 1995], and the Hellmann
gauge [Gunther, 1993; Yang et al., 1994; Yang et al., 1999].
These correction procedures are recommended for test cor-
rection of the gauge-measured daily precipitation in those
countries where national meteorological or hydrological sta-
tion networks operate these gauges for precipitation observa-
tion. It is expected that the correction will provide reliable
unbiased estimates of the true amount of precipitation for the
national observational networks and the corrections will have
an impact on climate monitoring. It is hoped that more effort
will be made by the national meteorological services to apply
the correction procedures to their archived precipitation data.
It is believed that to do so will significantly improve the accu-
racy and homogeneity of precipitation data over large regions
in the Northern Hemisphere.

Figure 7. Comparison of the catch ratio of snow as a func-
tion of wind speed at gauge height for the Hellmann gauges
and the Canadian Nipher snow gauge.

Table 6. Estimated Correction of Long Term Mean Annual Precipitation at 11 Sites in Greenland

Station

Mean
Annual

Precipitation,
mm

Range of Correction
Factor

Range of Corrected
Precipitation, mm

Data
PeriodMin Max Min Max

Danmarkshavn 139 1.86 2.04 259 284 1951–80
Thule (AFB) 113 1.66 1.99 188 225 1951–73
Egedesminde 300 1.36 1.76 408 528 1951–80
Sondre stromfjord 151 1.31 1.43 198 216 1941–65
Holsteindborg 358 1.31 1.52 469 544 1961–80
Angmagssalik 961 1.17 1.34 1124 1288 1951–79
Godthab 734 1.24 1.52 910 1116 1951–80
Frederikshab 812 1.20 1.35 974 1096 1951–80
Narssarssuaq 607 1.20 1.29 728 783 1961–80
Julianehab 847 1.28 1.36 1084 1152 1961–80
Prins Christian Sund 2471 1.35 1.48 3336 3657 1951–79
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