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Revisions and Responses for:
Inconsistency in precipitation measurements across Alaska and Yukon

border
L. Scaff, D. Yang, Y. Li, and E. Mekis

From: Anonymous Referee #1
Received and published: 14 August 2015

General Comments This study compared precipitation observations along international borders to investigate the
impact of gauge type biases on the distribution of precipitation. The use of observed and corrected precipitation, in
my opinion, is an interesting topic worthy of exploring. This is particularly true for the documented gradient
difference, which | found to be the most novel part of the manuscript. However, these results are limited by the very
small sample size; a set of two groups. In addition, | found the manuscript lacking details in some locations, which
may be helpful to prospective readers. For instance, the authors never comment on whether precipitation gradients
across the U.S.-Canada border should resemble the corrected or uncorrected gauge data results. Also missing was a
brief description of how the Yang et al. (2005) corrections were applied. This is of interest since U.S. National
Weather Service (NWS) stations do monitor surface winds, which may be necessary to evaluate wind related biases.
Moreover, | recommend the manuscript be considered for publication pending minor revisions; however, I’'m
concerned about the impact of the study considering the small sample size.

We greatly appreciate your time and comments, and we have improved the paper with the revision.

Specific Comments

1). The most interesting aspect of this study is the gradient differences between corrected and uncorrected gauge
data. Unfortunately, this analysis is limited by the selection of a study area, which in my opinion is too narrowly
focused on the Alaska and Yukon border. It is not clear in the manuscript why the southern region along the U.S.
and Canada border was excluded. Do the authors expect differences along southern border to differ from the AK and
Yukon comparison? Does the Yang et al. (2005) dataset not include stations along this border? Please explain.

Re: The main objective of this study is to examine and quantify the changes in precipitation gradient across
the AK and YK border due to bias corrections of US and Canadian gauge observations. Many studies,
including Yang et al., (2005), clearly show that the biases in gauge precipitation measurements are very
high (up to 80-100%) for the cold regions, particularly in areas with light snowfall and high winds.
Relative to the AK-YK border, this region are cold with more snowfall compared with southern US-
Canada, meaning higher biases due to wind induced gauge undercatch, and thus significant changes and
difference between measured and corrected precipitation across AK-YK border. This is the reason why our
study specifically selected such a region, i.e. to focus on an area with the biggest problem in precipitation
measurements incompatibility. This study used data from 5 climate stations in 2 groups in the northern and
central AK-YK regions. The selected stations very well represent climate gradient across the region, and
the results from these sites are sufficient for the methodology development and demonstration of new
knowledge in precipitation regime and distribution.

! Yang, D., Kane, D., Zhang, Z., Legates, D. and Goodison, B.: Bias corrections of long-term (1973—-2004) daily precipitation data over the
northern regions, Geophys. Res. Lett., 32(19), L19501, doi:10.1029/2005GL024057, 2005.
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The data developed by Yang et al., (2005)" include many climate stations along the southern US/Canada
border. Since geography and climate conditions vary greatly along this long transect of several thousand
kilometers, we expect to find different results from AK/YK transect.

Our effort is ongoing to investigate precipitation measurements and data quality over the US/Canada
border regions.

2). If known, could the authors consider providing some context to the reader as to what direction the precipitation
gradient should be along the border. In other words, should we expect more to less, less to more, or the same amount
of precipitation as you move across the border from the U.S. to Canadian?

Re: Simpson et al. (2005)° studied temperature and precipitation distributions (with ANUSPLIN and
PRISM interpolation methods) over the State of Alaska, with 54 precipitation stations for ANUSPLIN
interpolation and over 500 stations for PRISM. The records lengths are variables, but most of them are
between 1930-1990 in ANUSPLIN and 1960-1990 in PRISM. They found that monthly precipitation show a
clear seasonal variability with the maximum in summer season and precipitation consistently increase from
north to south. The mean monthly (12 months average) precipitation distribution across the AK-YK border
shows a difference in central Alaska (5-15 mm) and Yukon (15-40 mm) in both interpolations, including the
headwater of the Yukon basin, which is consistent with higher values in Yukon (relative to AK) as we
presented in Figure 9 in the manuscript. The Brooks Range (foothills and summits) also have higher mean
monthly precipitation (approx. 40 mm) relative to its surroundings (approx. 25 mm). Mean monthly
precipitation along the northern coast and the south region of the Beaufort Sea shows relatively
homogeneous values, less than 10 mm as the 12-month average. These results are in general consistent
with Serreze and Hurst (2000)%, who, based on monthly reanalysis and bias-corrected precipitation data
over the large arctic regions, also identify a more dominant gradient north to south and a relatively
homogeneous precipitation gradient along the coast of the Beaufort Sea compared with the increase in the
Brooks Range.

Our results show a monthly mean precipitation amounts across the north regions from 150 mm to 300 mm
for yearly total, (c.f. Fig. 7 in the manuscript), with higher (gauge measured) precipitation in Yukon than
Alaska. After the bias corrections, the precipitation difference across the border is smaller, and even more
the horizontal gradient changes the sign between Barter and Komakuk stations. These results are in
agreement with the last above mentioned works. In the central region (c.f. Fig. 9 in the manuscript) the
measured precipitation is slightly higher in Yukon, which is also consistent with Simpson et al., (2005)>2.
The gradient also becomes smaller after the bias corrections.

We have included part of the information above in the revised manuscript.

3). I recommend the authors provide some additional details on how U.S. and Canadian gauge data were corrected at
the daily scale. For instance, what surface wind speed data was used to correct National Weather Service (NWS)
station gauge data if they are not equipped with sensors to monitor surface winds. Is it from nearby stations? If so,
how far apart are the two sensors (anemometer and precipitation gauge)? Do the Canadian stations monitor surface
winds? If not how far are those nearby measurements?

% Simpson, J. J., Hufford, G. L., Daly, C., Berg, J. S. and Fleming, M. D.: Comparing maps of mean monthly surface temperature and precipitation
for Alaska and adjacent areas of Canada produced by two different methods, Arctic, 58(2), 137-161, 2005.

3 Serreze, M. C. and Hurst, C. M.: Representation of mean arctic precipitation from NCEP-NCAR and ERA reanalyses, J. Clim., 13(1), 182-201,
doi:10.1175/1520-0442(2000)013<0182:ROMAPF>2.0.C0O;2, 2000.
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Re: We have provided additional details regarding bias corrections in the revision. The text below is a
summary:

The bias corrections were done Yang et al. (2005)" for more than 4000 northern stations above 45N,
including the US and Canada, on a daily time scale. Gauge measured precipitation, temperature, and wind
data were used for this task. For the US stations, wind data from the standard height was reduced to the
gauge level of the NWS 8-in gauge. Wind speeds and directions were measured at the Canada climatic
network; the same approach was applied to estimate the wind seed at the gauge height on precipitation
days. The corrections were done only for those stations with wind data. There are many stations in the US
without wind info and this is a challenge to gauge bias corrections. It has been recommended to measure
wind speed and direction at the gauge height for the operational networks, so as to reduce the uncertainly
in precipitation bias corrections.

Technical Comments
1). On page 3711 line 10, the acronym “P” has not been defined yet; please do so here.

Re: We replaced the acronym P for the word "precipitation”.

2). On page 3712 line 23, replace “in” with “into”
Re: The change was made.

3). On page 3713, the sentence beginning on line 2 with “The observations have . . .” is confusing. Please describe
exactly what the researchers’ have done to the gauge data that follows U.S. and Canadian national standards. |
suspect this sentence may not be necessary?
Re: Agree, the sentence is not necessary. It was deleted.

4). On page 3713 line 7, the National Climatic Data Center (NCDC) has just recently changed its name to the
National Centers for Environmental Information (NCEI). While urls are in the process of being updated, the old
links will be preserved into the future. Recommend referring to the new name: National Centers for Environmental
Information (formally National Climatic Data Center).

Re: Thank you for the information. The name of the center was changed and the link updated.

5). On page 3713 line 21, suggest revising sentence from “yearly precipitation data across the border station pairs”
to “yearly precipitation data from the selected border station pairs”.

Re: The sentence was modified as suggested.
6). On page 3713 line 23, drop the “s” on periods.
Re: The "s" was deleted.

7). On page 3713 line 23, may want to consider briefly explaining what is meant by double mass curves. Such a
description could be pulled from the summary and conclusion section where it is currently described in better detail.
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Re: More detail of the DMC was included in this section.

8). The use of three acronyms for precipitation throughout the results section was slightly confusing: P, Pm and Pc.
Perhaps P is not really necessary. To me, P was synonymous with Pm?

Re: It is true that we had many acronyms for different types of precipitation, so we decided to write out
completely "precipitation” for total precipitation or for the general term, and keep Pm to indicate
“Measured Precipitation” in comparison to Pc, which is “Corrected Precipitation™.

9). On page 3714 line 17, add an “s” to “word”; “In other words, . . .”
Re: We included the "'s".

10). On page 3715 line 21, use the Pm acronym for “measured P” Pc for “the corrected values”.
Re: We replaced the words for the acronyms, to be consistent.

11). On page 3716 line 23, you may want to consider replacing the second use of the term “correction” with “bias”?
Re: We modified the word as suggested.

12). On the same sentence as earlier (comment 11), consider replacing “besides” with “apart from”.

Re: We modified the word as suggested.

13). On page 3716 line 29, the sentence may read better as “Eagle and Dawson regions with border station mean
temperature and wind speed within a degree Celsius and meter per second respectively”.

Re: We modified this sentence to make it clearer.

14). On page 3717 line 27, please invert “respectively” and “for Pm and Pc” so the sentence reads “. . . 347 mm for
Pm and Pc respectively.”

Re: The word "Respectively”” was deleted and improved the text for a better understanding.
15). On page 3718 line 2, | believe the numbers 88 and 139 should also be inverted?

Re: Thank you for noting this typo, the numbers were corrected and verified in the calculations. We also
extended this phrase a bit more for a better understanding.

16). On page 3720 line 21, please provide a bit more information on how the instrument has changed. For instance,
was a new Nipher gauge installed?

Re: We found the evidence of anemometer issue, which was fixed by 1980/08/28. This may affected the
corrected precipitation values. Maybe other changes have been done, but no other record of them was
found.
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17). On page 3720 line 22, the sentence beginning as “Both stations. . .” seems a bit odd. For instance, what is the
cumulative precipitation increase of 3% in reference to; Pc compared to Pm? You may also want to identify on
figure 11 where exactly 1204 and 1352 mm are on the x-axis (i.e. add a line to the graph)?

Re: The phrase was modified and the figure was corrected. The x axis was not long enough, so it couldn’t
show the whole curve.

18). On page 3711 line 11, the reference for Leeper et al. 2014 should be 2015?
Re: Yes, the year is 2015. It was corrected in the new version of the manuscript.

19). On pages 3714 line 27, 3716 line 10, and 3723 line 29 there are references to Yang et al. 1998, which according
to the cited references should be identified with either an “a” or “b”.

Re: The references were updated.

20). On page 3722 line 27, should the Searcy and Hardison Clayton, 1960 inline reference be Searcy and Clayton,
1960?

Re: Yes, the reference was modified. However, the last name of the second author is Hardison, so the
reference is now: (Searcy and Hardison, 1960). This paragraph was moved to the ““Study Area, Data and
Methods™ section.

21). On page 3722 line 20, replace “the” with “a”? “It is very clear from this study that a. . .”.

Re: The text was modified.

22). On page 3722 line 23, you could omit “and cold” since the sentence is already talking about snowfall; cold
conditions are already implied.

Re: The sentence was improved.
23). On page 3726 line 21, | could not seem to find an inline reference for Yang 2014.
Re: The inline reference was removed.

24). On page 3724 line 10, since “national networks” is not referring to a specific network so you may want to
remove word “the”? So the sentence reads: "...precipitation measurements at national networks.

Re: The word was changed.
25). Figure caption 1 should read “Study area and locations of selected. . .”?

Re: The word was added.
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From S. Stuefer (Referee)
sveta.stuefer@alaska.edu
Received and published: 22 September 2015

Originality: The scope of the manuscript is well suited for The Cryosphere. This paper compares precipitation data
from 3 gauges located in the Yukon Territory, Canada, with precipitation data from 2 gauges located in northern
Alaska, USA. Both solid and liquid precipitation are considered in this comparison. The main finding of the paper is
that monthly and yearly precipitation amounts are inconsistent between U.S. and Canadian stations along the
Beaufort Sea coast. This inconsistency is attributed to the differences in instrumentation (precipitation gauges)
between two countries.

Scientific quality: The purpose of this paper - to identify and quantify inconsistency in precipitation measurements -
is well articulated. The methodology involved correction of systematic biases and a comparison of measured and
corrected monthly and annual precipitation data between different stations using regression analysis and double
mass curves.

RE: We greatly appreciate your review and suggestions. We have improved the paper during the revision.

Inconsistency in monthly and yearly precipitation can be attributed to several major factors: (1) differences in gauge
performance, (2) the amount of missing data, and (3) natural variability in precipitation. Though the authors have
most certainly considered all these factors, only one factor (gauge performance) is discussed in the current version
of the manuscript. To omit discussion of the two other factors is a shortcoming that needs to be addressed.

Re: we agree with this important comment. The main approach of this paper is to quantify the difference of
the gauge performance in the northern regions between US and Canada.

As suggested, the amount of missing data will affect data analysis, including the calculations of monthly
and annual total precipitation. We considered this issue and set up 30% threshold for the maximum missing
data in each month. For the months with greater missing percentages, monthly was not calculated. In this
revision, we have included the missing data values in the results and figures, although this factor should be
minor for our analysis with long-term data at multiple stations.

The natural variability in precipitation is the key question for this study. We are aware that the selected
stations are not close enough to assume to receive similar amounts of precipitation, since they are subject
to different environments perhaps with some local terrain effects. That is why the calculation of
precipitation difference, i.e. the gradient across the border, is the focal point of the analysis. Furthermore,
we also quantify the changes in precipitation gradient between the measured and corrected data. We think
the results from the corrected data are more reliable and useful for regional climate analyses.

Factor 2 is important because of the low quality of precipitation data in the Arctic. Many days of missing
precipitation data would lower the monthly and annual sums of daily precipitation and, therefore, introduce
inconsistency between the different stations. It might be helpful to add a table or a plot showing the percentage of
missing precipitation data each year, for each station. The information in such a table or plot would either address
my comment or raise a discussion on another aspect of inconsistency.

Re: Following this suggestion, we have calculated the missing data at the monthly and yearly scales for
each station. The mean missing values in % are shown in Figures 2, 5, 6 and 8 (and the maximum values
for the monthly plots; Figs. 2 and 5).
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We understand that missing data may affect regional precipitation analyses. In this study, we calculated the
missing data percentages for all stations during the corresponding study periods, and set up a threshold of
30% to exclude those months with higher missing values from monthly precipitation calculations. We
compared the precipitation amounts with and without the application of the threshold. The results do not
show any significant changes in the differences of gauge measured annual mean precipitation across the
border, although this filter affected annual precipitation in certain years. For instance, the northern station
pair (Barter and Komakuk stations) has missing value of 32% on July 1987. Calculations of yearly
precipitation for 1987 with and without this month show 16% and 10% difference at Komakuk and Barter
Island stations, respectively. Over the study period of 11 years, the annual mean bias correction
percentages remain the same (65% in Barter and 13% in Komakuk, c.f. Figure 7 in the manuscript) with or
without the missing months. The mean annual decrease in bias correction amounts after the consideration
of missing data is about 1-3% in the northern region. This analysis suggests that the effect of missing data
for our study is not significant, particularly with the application of 30% missing threshold.

For the central station pair, there are 3 months with 39%, 61% and 42% (Feb. 2006, Aug. 2008 and Jan.
2012) of missing data that were excluded from our analysis. These months represent 0.5%, 40% and 5% of
the annual precipitation in the corresponding years at Eagle station, and 13%, 1% and 26% for Dawson.
Because of the missing data at Dawson in August 2008, while Eagle recorded significant storms for this
year, August contributed 40% to the annual Pm at Eagle. Over the study periods, the exclusion of these
three months with higher missing records resulted in the mean Pm decrease by 3% at Eagle and 15% at
Dawson. This impact is higher than the northern regions. Another important issue of missing data is
related with remoteness of the sites and lower density for stations in the northern regions. Big storms can
be missed during the non-recording days. It is hoped that remote sensing information may help to identify
the missing storms over the surface weather network, although not much could be done for the historical
missing records.

This information was summarized and included in the revised manuscript.

Factor 3 is based on the observation that if two stations with different precipitation gauges are located very close to
each other, the inconsistency in records is clearly attributed to gauge performance. This requirement of geographic
proximity might hold for the Eagle and Dawson stations, but the northern stations are located on different sides of
the Brooks Range, long distances apart (143 km and 138 km apart, shown in Figure 7). Please discuss the
inconsistency in monthly and annual precipitation received by the northern stations in terms of the stations’
proximity to the Brooks Range and to each other.

Re: The three northern stations selected for this study are located north of the Brooks Range. The
approximate distances to the mountain edge are 100 km for the Barter Island station, 90 km for Shingle
Point station, and 150 km for the Komakuk station. The two Yukon stations are along the shore line and the
station in Alaska is an island site, right next to the coast line. The altitudes of the stations are 11, 7, and 49
m a.s.l., respectively.

According to Manson and Solomon (2007)*, the summer storms coming from the open water in the
Beaufort Sea are the greatest contribution to annual precipitation. The storm tracks are mainly from the

4 Manson, G. K. and Solomon, S. M.: Past and future forcing of Beaufort Sea coastal change, Atmosphere-Ocean, 45(2), 107-122,
doi:10.3137/20.450204, 2007.
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northwest, affecting the long coastal regions represented by the 3 stations. The storms are obstructed by the
Brooks Range once moving inlands. The weather patterns in the surrounding of the stations might be
affected by the mountains, but the stations are not separated by the Brooks Range. Given this setting, it is
not expected to see a great impact of mountain range on precipitation process and distribution along the
relatively flat coast line.

The three stations are far part (approx. 140 km). We used them to find/quantify the spatial variation in
precipitation for different seasons. We calculate precipitation gradient between 2 stations and compare the
results between the measured and corrected precipitation data. We do see changes in precipitation gradient
after the bias corrections, thus, achieving our goal to bring the issue of precipitation inconsistency between
national standard gauges to the broader climate and hydrology community.

This information was summarized and included in the revised manuscript.

Significance: This manuscript represents a significant interest in the regional analysis of precipitation and climate in
northern regions. | recommend acceptance of the manuscript once the above-mentioned points are carefully
addressed.

Presentation quality: The paper is well structured and clearly organized. The text reads well, and the authors’ logic is
easy to follow. The quality of the tables and figures is generally good, but can be improved with the following
suggestions:

Table 1: Add a column with the height of the precipitation gauge and the wind sensor above the ground, similar to
Table 1 in Yang et al., 1998b. This information is not publically available, but is critical input for wind-induced
corrections.

Re: Yes, this information is very useful for our analysis. We added information about the precipitation
sensors in Table 1 and the standard rim of the Nipher and NWS-8inch. gauge height t in the text. However,
the records are very sparse and poor of this kind of details.

Table 1, column heading “Measurement device snow”: Consider re-labeling this column “Snow gauge.” Also,
include a column that describes the instrument used for the rainfall measurements.

Re: The column heading was modified.

Table 1 shows that analysis of precipitation data was performed for the two different data periods, 1978-1988 versus
2006-2013. Include a justification for the choice of this period in the text.

Re: The data availability is limited in the area, so after a revision of the common periods between pairs in
the dataset, none of the north and central regions ranges were overlapped. With this, we chose the more
extended periods in both regions even there was in different years.

Also there was major change of the observing program. For instance in the Canadian side Komakuk station
was closed as of June 30, 1993 and Shingle Point became automated, READAC system (prototype of
AWOS) was installed in November, 1993.
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Figure 11 shows double mass curves without an explanation for the precipitation metric used. The addition of
something like “monthly precipitation (mm) summed over the period specified in Table 1” would improve this
figure.
Re: The units were included in the axis label.
Minor comments:
Page 4, line 7: At the end of the sentence, replace the comma with a period.
Re: The comma was replaced by a period.
Page 9, line 11: Correct the wording “is lowers.”
Re: The word was corrected.
Page 12, line 6-7: The verb is missing.
Re: A verb was added and the sentence was improved.
Page 15, lines 24-25: Consider moving this sentence to the Methods section.

Re: The sentence was removed from the conclusions, and included in the Method section.

Page 16, line 1-2: Consider referencing the recent paper on this topic by Kane, D.L., and S.L. Stuefer, 2015.
Reflecting on the status of precipitation data collection in Alaska. Hydrology Research, Vol. 46, No. 4, pp. 478-493.

Re: The reference suggested is certainly relevant in this work. It was cited in the Discussion section.
Table 1: For latitude and longitude, replace “N” and “W” with the units of “decimal degrees.”
Re: The table headers were improved.

Figure 10 and Figure 11: Consider labeling each axis with the plotted variable and corresponding units. For
example, the axis label would appear as “Monthly Pc (mm)” or “Cumulative monthly Pc (mm).”

Re: Thank you, for noting this. The units were included in the figure caption of figure 10 and in the axis
label for figure 11.
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List of all relevant changes made in the manuscript

Following the comments from the reviewers, the main changes in the manuscript were:

10

A better context about the precipitation distribution in the region, considering past studies in the
central-northern part of the Alaska-Yukon border was included in the Introduction (comment #2,
reviewer #1).

More details about the instrumentation and the bias-correction methodology were included in the
second section (Study Area, Data and Methods) (comment #3, reviewer #1).

The missing data percentages on the monthly and yearly scale were added in the analysis. A
threshold of 30% of missing data was applied in the observations to exclude the months with
higher missing values (comment, reviewer #2).

0 Because of the missing data analysis, the total observed precipitation and the percentages
of corrections in most of the stations were updated.

A better context in the introduction about the topography and the possible influence of the Brooks
Range was presented in the second section (Study Area, Data and Methods) (comment, reviewer
#2).
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Abstract

This study quantifies the inconsistency in gauge precipitation observations across the border of Alaska
and Yukon. It analyses the precipitation measurements by the national standard gauges (NWS 8-in gauge
and Nipher gauge), and the bias-corrected data to account for wind effect on the gauge catch, wetting loss
and trace events. The bias corrections show a significant amount of errors in the gauge records due to the
windy and cold environment in the northern areas of Alaska and Yukon. Monthly corrections increase
solid precipitation by 136435% in January, 20% for July at the Barter Island in Alaska, and about 31% for
January and 4% for July at the Yukon stations. Regression analyses of the monthly precipitation data
show a stronger correlation for the warm months (mainly rainfall) than for cold month (mainly snowfall)
between the station pairs, and small changes in the precipitation relationship due to the bias corrections.
Double mass curves also indicate changes in the cumulative precipitation over the study periods. This
change leads to a smaller and inverted precipitation gradient across the border, representing a significant
modification in the precipitation pattern over the northern region. Overall, this study discovers significant
inconsistency in the precipitation measurements across the US and Canada border. This discontinuity is
greater for snowfall than for rainfall, as gauge snowfall observations have large errors in the-windy and
cold conditions. This result will certainly impact regional, particularly cross borders, climate and

hydrology investigations.

Key words: snowfall, national precipitation gauge, measurement errors, bias correction,

precipitation gradient and distribution.
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1. Introduction

It is known that discontinuities in precipitation measurements may exist across the national boundaries

because of the different instruments and observation methods used (Nitu and Wong, 2010; Sanderson,

1975:; Sevruk and Klemm, 1989; Yang et al., 2001). For instance, the National Weather Service (NWS) 8-

inch gauge is used for precipitation measurements in the United States (U.S.), and the Nipher snow gauge

has been used in Canada for decades. Different instruments have also been used in various observational

networks within the same country. In the synoptic network, the Type-B rain gauge and Nipher gauge are

the standard manual instruments for rain and snow observations in Canada (Mekis and Vincent, 2011;

Metcalfe and Goodison, 1993), and recently the Geonor automatic gauges have been installed{N#u-and

Instruments also change over time at most operational networks, resulting in significant breaks in data

records. It has been realized that combination of regional precipitation records from different sources may
result in inhomogeneous precipitation time series and can lead to incorrect spatial interpretations (Yang et
al., 2005). Efforts have been reported to examine the precipitationP discontinuity within a country

(Groisman and Easterling, 1994; Sanderson, 1975). Leeper et al., (2015)Leeperetal{2024} found that the

US COOP stations reported slightly more precipitation overall (1.5%) with network differences varying
seasonally. The COOP gauges were sensitive to wind biases, particularly over winter when COOP

observed (10%) less precipitation than the U.S. Climate Reference Network (USCRN).- Conversely,

wetting and evaporation losses, which dominate in summer, were sources of bias for USCRN. Mekis and
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Brown, (2010) developed adjustment method to link the Nipher gauge and ruler snowfall measurements

over Canada Yang and Simonenko, (2013)¥anrg-and-Shnenenko—(2013) compared the measurements

among 6 Russian Tretyakov gauges at the Valdai experimental station, and reported the differences of less
than 5-6% for the study period. These results are useful to determine the homogeneity of precipitation

data collected by a standard gauge within the national and regional networks.

Many studies show that the national standard gauges, including the Canadian Nipher, and US 8-inch

gauges, under measure precipitation especially for snowfall (Goodison, 1981; Goodison et al., 1998;

Yang et al., 1995, 1998a, 1999)

Compatibility analysis of precipitation measurements by various national gauges suggests little difference
(less than 5%) for rainfall observations, but a significant discrepancy (up to 110%) for snowfall
measurements (Yang et al., 2001). For instance, the experimental data from Valdai show that the U.S. 8-
inch gauge at Valdai systematically measured 30-50% less snow and mixed precipitation than the
Canadian Nipher gauge (Yang et al., 2001). This difference in national gauge catch has introduced a
significant discontinuity in precipitation records between the U.S. and Canada borders, particularly in
windy and cold regions. Differences in the snow measurements across the US and Canada border has also

been noticed in other studies as a problem to produce gridded products and to develop precipitation input

for basin hydrological investigations (Separovi¢ et al., 2013 Zhao et al., 2010).

—Although Yang et al.
(2001)¥ang-et-ak—{2001) compared the relative catch of many national standard gauges, little has been

done to address the inconsistency of precipitation records across the national borders.; This is an
important issue, since most regional precipitation data and products have been compiled and derived from
the combination of various data sources, assuming these data and observations were compatible across the

borders and among the national observational networks. Simpson et al., (2005) studied temperature and

precipitation distributions over the State of Alaska and west Yukon, and documented precipitation

increase from north to south. They also report differences in mean monthly precipitation across the
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Alaska-Yukon border, i.e. about 5-15 mm in central-east Alaska and 15-40 mm in central-west Yukon.

(Jones and Fahl, 1994) found a weak gradient in annual precipitation across the AK-YK border, including

the headwaters of the Yukon River. Other studies also discuss precipitation distribution and changes over

the arctic regions (Legates and Willmott, 1990; Serreze and Hurst, 2000; Yang et al., 2005).

The objective of this work is to examine the inconsistency in precipitation measurements across the
border between Alaska and Yukon. We analyze both gauge-measured and bias-corrected monthly
precipitation data at several climate stations across the border, and quantify the changes in precipitation
amounts and patterns due to the bias corrections. We also calculate the precipitation gradients across the
border, and discuss precipitation distribution for the warm and cold seasons. The methods and results of

this study are useful for cold region climate and hydrology investigations and applications.

2. Study Area, Dataarea;-data and Methodsmethods

The study areas include the northern and central regions of Alaska (AK) and Yukon (YK). We choose 5
climate stations across the Yukon and Alaska border, which use the national standard gauges (NWS 8 in
gauge and the Canadian Nipher gauge) for precipitation observations (Figure 1). These stations can be
classified intoin 2 groups. The first group, 3 stations about 150 km apart,- is the northern region along the
coast of the Beaufort Sea; with the Barter Island station in Alaska and Komakuk and Shingle Pointpeint
stations in Yukon. The second group is in the central part of the region;—e- the Eagle station in Alaska

and Dawson station in Yukon, about 130 km apart.

The three northern stations selected for this study are located north of the Brooks Range. The approximate

distances to the mountain edge are 100 km for the Barter Island station, 90 km for Shingle Point station,

and 150 km for the Komakuk station. Both stations in Yukon are along the shore line and the station in

Alaska is an island site, very close to the coast line. The altitudes of the stations range from 7 to 49 m

a.s.l. According to Manson and Solomon, (2007), the summer storm tracks are usually from the northwest

15



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

coming from the open water in the Beaufort Sea and are the greatest contributor to annual precipitation.

The storms are obstructed by the Brooks Range once moving inlands. The weather patterns in the

surrounding of the stations might be affected by the mountains, but the stations are not separated by the

Brooks Range. Given this setting, it is expected to see little impact of mountain range on the precipitation

process and distribution along the relatively flat coast line.

These stations have been operated by the NWS and Environment Canada (EC) since the early 1970's. The
observations have been done according to the national standards of US and Canada. The detail
information for these stations are given in Table 1, such as the location, period of measurement used for
this work, instrument types for precipitation observations, and a climate summary for yearly temperature,

precipitation ,{P}; and wind speed.

Yang et al. (2005) have developed a bias corrected daily precipitation dataset for the northern regions

above 45°N45N. The source data are acquired from the National Centers for Environmental Information

(NCED), i.e.Climatic-Data-Center—e- a global daily surface data archive for over 8,000 stations around

the world (https://www.ncdc.noaa.gov/data-access/quick-links#ghcn).(httpHrnnan-nedenoaa-gevicgi-

binfres40ph— To focus on the high latitude regions, a subset of the global daily data, about 45,000
stations located north of 45°N45N with data records longer-than 20 years during 1973-2003 has been
created. Yang et al. (2005) applied a consistent procedure derived from the WMO Solid Precipitation
Intercomparison (Goodison et al., 1998), using wind speed, temperature, and the precipitation as inputs

(Yang et al.,, 1998b, 2005).—at—althe—stations—over—the—high—tatitude—regions: They quantify the

precipitation gauge measurement biases for the wind-induced undercatch, wetting losses, and trace

amount of precipitation. For the US stations, wind data from the standard height was reduced to the gauge

level of the NWS 8-in gauge (standard height is 1 m). Wind speeds and directions were measured at the

Canadian climatic network; the same approach was applied to estimate the wind speed at the gauge height

(standard height is 2 m) on precipitation days. The corrections were done only for those stations with

wind observations. Unfortunately there are many stations in the US without wind information and this is a
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This study uses the updated (until 2013) monthly precipitation, temperature and wind speed data from

Yang et al. (2005) for the selected AK and YK stations (Table 1). The selected data periods range from 7

to 10 years for the stations that are considered long enough to examine precipitation patterns in these

regions. Missing records affect regional climate data analyses. In this study, a threshold of 0°C of

monthly temperature has been used to determine the cold and warm months for snow and rain. Mixed

precipitation has not been classified separately. The frequency of missing values was calculated when the

bias correction was made in Yang et al., (2005). For any month with less than 20 days (=30%) of

measurements, it is excluded from data analysis. Statistical methods to compare the measured and

corrected monthly and yearly precipitation data across the selected border station pairs is used to analyze

these data. It also carries out regression analysis on monthly precipitation records, and calculates the

cumulative precipitation amounts to derive the Double Mass Curves (DMC) over the study period. The

double mass curve (DMC) is a useful tool to evaluate the consistency of observation records over space

and time (Searcy and Hardison, 1960). Some typical issues of observations that DMC can identify,

include changes in the station location, and instruments or sensors. A reference station is needed for DMC

analyses. In this study, the DMC has been applied without a reference station to mainly detect any shifts

between the observed and corrected precipitation. Through the data analyses and comparisons with other

studies, we document the spatial and temporal variations of bias corrections across the border stations.

We also determine the precipitation gradients across the border, and examine the changes, due to the bias-

corrections of the US and Canadian gauge data, in precipitation distributions on both seasonal and yearly

time scales.
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3. Results
Based on the analyses of the measured precipitation (P,,) and corrected precipitation (P.) data, this section
presents the results on the bias corrections of monthly and yearly precipitation for each stationthe-statiens,
regression and correlation of monthly precipitationP data between the stations, and cumulative
precipitation via the double mass curves for the warm (monthly temperature > 0°C) and cold seasons

(monthly temperature < 0°C).

3.1 Monthly data and corrections

The monthly mean precipitationP and bias corrections are illustrated in Figure 2 for the northern group

during the corresponding observation period (Table 1). In Figure 2, the missing data percentages are also

presented for each month. Barter Island had the lowest percentages of missing data, about 2% as a

maximum monthly mean in December. The mean missing percentages for the Komakuk station was about

5% (in May), with the maximum month in July 1984 (16%). For Shingle Point, the mean missing values

were 11% for both April and May, with the maximum (26%) in April 1979. Given the small percentages

of missing records, its impact is insignificant on monthly mean and yearly precipitation calculations.

Figure 2 shows that annual precipitationP cycle wasis centered on August, with an approximate maximum
PmP around 40 to 8068 mm between August and September. This maximum wasis coincident with the

monthly mean maximum temperature in the area (around 10°C).

For the Barter Island station in AK, the corrections wereare variable through the months. The monthly
corrections increasedinerease the PP amount by 3-3134 mm for snow to 4-9 mm for rain. The relative
increases wereare 59-136% for snow and 20-41% for rain, with a monthly mean of 9 mm (or 76%).78%)-
The relative changes wereare usually large for months with low PP and small for months with high
precipitation. In other wordswerd, the monthly correction amounts do not always matchedmateh with the

percentage changes, i.e. a small correction in a dry month can have a large percentage change.
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It is important to note that gauge measurements at Barter showedshew the maximum precipitationP in
August-and-Oetober, but the peak shifted to October due to the corrections; i.e. the mean monthly P¢ in
October were 98is—200% (about 32mm#9mm) more than the Py (Figure 2). Closer
examinationExamtnation of the monthly precipitationP time series for Barter Island (Figure 3) indicated-}
indicates that, for most of the years, October wasis the most significant contributor to the total annual

(2321% for Py, and 2225% for Pc). However, there wereare some years in the study period with the

maximum Py, in other months; for example, the highest Py, in 1982 was in September, as documented by

Yang et al., (1998b). Climate data and analyses showed¥Y-ang-et-al—1998--Climate-data-and-analyses-show

the highest wind speed (4.5 m/s) and cold temperature (about -9°C) for October, indicating higher
undercatch by the US standard gauge for snowfall. On the other hand, the wind speed showedshows the
minimum values in July and August (3.3 m/s), coincident with the highest temperatures (4.6 and 4 °C)
(Figure 2). Due to the combination of warm temperatures and low wind speeds, the corrections for

summer months wereare the lowest at this station (20-27%).

For the Komakuk Beach station in Yukon, the corrections increasedinerease the precipitation by 0.7-5.5
mm (or 14%-34%) for snow and 1-2.6 mm (4%-10%) for rain, with a total monthly mean change of 2.64
mm (1419%) (Figure 2). The monthly maximum precipitationP was in August, i.e. 48mm47#mm and

50mm, respectively, for the P, and Pc. The monthly minimum precipitationP was in March, i.e. Py, = 4.2

mm and P. =5 mm. For this station, theFhese extremes remained inremain the same month after the bias

corrections. The wind speed hadhas the minimum value in Aug. (3.1 m/s) and Sept. (3.2 m/s), and max in
Dec. (4.3m/s) and Jan (4.7m/s). The temperatures wereare highest in July (6.9°C) and Aug. (5.8°C), and
lowest in Feb and Mar (-25 °C). Given this climate condition, the corrections wereare lower in the

summer months (mean of 6%) and higher in winter (mean of 23%).

The monthly corrections for the Shingle Point station in Yukon rangedrange from 1-7.63 mm (3%-157%)

for rain to 1-8.22% mm (14%-28%) for snow, with the monthly mean correction of 4.23.5 mm (1416%).
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The menth-ef-maximum precipitation was inis Aug., about 73-76 mm (or 20% of the annual total) (Figure

2). The minimum precipitation was inP-was—-Feb—with-9-2-mm-for-the-measured-P—and-itshifted-to

March with 9.8 mm for Py,; and 11 mm for P..theeorrected-vatues: The monthly wind speeds wereare

generally higher in winter and lower in summer, with the maximum in Feb. (4 m/s) and minimum in May
(2.7 m/s). The temperatures hadhave a common annual cycle with the maximum in July (11°C) and the
minimum in Feb. (-24.3°C). Because of the higher wind speeds and cold temperatures in the cold months,

the corrections wereare greater for the winter season.

It wasis necessary to compare the correction result across the border in order to quantify the effect of
biases in gauge observations on precipitation analyses, such as precipitationP distribution and seasonal

patterns. The mean snowfall corrections wereare about 96200% for Barter Island in AlaskaAK and

around 22% for both Shingle Point and Komakuk stations in Yukon; while the rainfall corrections
wereare approximately 32% for Barter and 76% for the two Yukon stations. Bias corrections also

demonstrateddemenstrate a clear shift in the maximum precipitationmax-P timing for the Barter Island,

but no change for the Yukon stations. This remarkable contrast across the border wasis caused mainly by
the difference in gauge types and their catch efficiency. Many experimental studies have shown that the
Canadian Nipher snow gauge catches more snowfall relative to the US gauge (Goodison et al., 1998;
Yang et al., 1998b). For instance, the mean catch ratios for snowfall wereare about 40% and 85% for 4

m/s wind speed, respectively, for the NWS 8-in unshielded and Nipher gauges (Figure 4) (Yang et al.,

1998b) .{Yang-etal-1998, Figure 4)-

For the central group, the maximum and minimum Py, wereis in July and March for the Eagle station
(Figure 5). The corrections did not modify the timings of maximum and minimum amounts; they
remained inP; July for the maximum (P»=67 mm and P, =70 mm), and in March for the minimum (Pp,=3
mm and P._==-4 mm) precipitation.}- The correction increasedinereases the precipitation by 0.6-1.8 mm

(8%-22%) for snow and 1-3 mm (5%-10%) for rain, with a monthly mean correction of 1.7 mm (12%).
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The annual temperature cycle for Eagle showedshews warmer temperatures relative tothan-in the northern

station, with the maximum ofareund 16.2°C andwith-temperatures above 0°C duringfrem April to mid-

October. Eagle had lowerhas-variable wind speeds around 1 m/s (Figure 5).

For Dawson station, precipitation wasis more homogeneous throughout months; varying from 10 mm to
50 mm in October and June, respectively. Another relative maximum occurs in January with P, =38 mm
(Figure 5). The precipitation correction wasis small and fluctuatedfluctuates from 0.3 to 1 mm (or 2%-
4%) for snow and 0.4-1.3 mm (3%-4%) for rain. This small correction wasis due to the lower undercatch
correction for the Nipher gauge, besides the warmer temperatures and lighter winds. The temperature
annual amplitude wasis between 16°C in July and -25°C in January, with Apri—to—September

temperatures above 0°C _from April to September.- Wind speeds showedshew a clear annual cycle with

the maximum in May (ef-1.6 m/s); and lighter winds in winter months, with thea minimum ef0-4-m/s-in

January (0.4 m/s).-

The temperature and wind conditions wereare similar between the Eagle and Dawson stationsregiens,

with the-mean temperature around 1°C and wind speed of 1m/s. The missing data percentages were also

similar for Eagle and Dawson stations; less than 3% for most months, with the maximum of 10% in May

2006 for Eagle and 20% in September 2009 for Dawson. The But-the-bias corrections wereare quite

different, with the mean corrections of 1635% for snow and 76% for rain at Eagle, and about 2 % and 3%

for both rain and snow at Dawson. Overall, theThe-Eagle correction wasis four times greater at Eagle than

that atfer Dawson. This discrepancy reflects again the catch difference between the US and Canadian

standard gauges.

In order to understand the effect of precipitationP bias corrections on regional climate around the AK-YK
border, it wasis useful to examine and compare the temperature and precipitation features between the
northern and central regions. The monthly mean temperature threshold of 0°C diddees not occur exactly

at the same time among the 2 groups; the warm months (above 0°C) wereare between June and

22



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

September in the north group and between April and September in the central group. Although both
regions hadhave similar mean minimum temperatures, around -24°C and -27°C, the maximum

temperature was considerably loweristewers in the north part, with the average of 8°C in the north group

vs. 16°C for the central region. AdditionallyBesides; the monthly mean wind speed wasis higher for the
northern region, 4 m/s vs. 1 m/s. Therefore, because of the colder temperatures and higher winds in the

northern region, the bias corrections wereare higher in the north relative to the central region.

3.2. Yearly data and corrections

The Figure-6-shows-the-annual Py, and P time series for 11 years during 1978-1988 in the northern group

is presented in Figure 6. There was almost no missing data for the whole period, except 3% for 1978.- At

the Barter Island station in Alaska, the yearly P, rangedranges from 114 mm to 211 mm, with the long-
term mean of 155457 mm. The mean annual corrections ranged fromare—about 67_to -138 mm, with a

long-term mean of 101 mm (or 65%).%- The P.corrected-P records variedvary from 181mm to 343 mm.
The maximum precipitation was in 1985 for both Py, and P. (211 mm and 343 mm, respectively). The

minimum precipitation was in 1983 for the P, and P¢ (114 mm and 181 mm, respectively).

For Komakuk Beach station in Yukon, the Py, rangedranges from 103 mmi03mm to 306 mm, with the

missing data between 0 and to 7% among the years. The bias corrections increasedinerease the

precipitation by 13 mmi3mm to 45 mm45mm (or 8-19%). The long-term mean wasis about 194197 mm

for Py and 220223 mm with the corrections. The maximum precipitation occurred P-was-in 1981, 306

mm and 347 mm.+espectively; for Py, and P_respectively.- The minimum precipitationP was in 1988 for

both the P, and P¢, 103 mm and 123 mm, respectively.

For Shingle Point station in Yukon, yearly P, variedvaries from 126 mmi27mm to 551566 mm and; the

Pc ranges from 138 to 638eerrections—are-139-88 mm. The mean annual total precipitation wasis about

302366 mm for Pthe-gauge-data and 341345 mm after the corrections (change of 1312%). The high and
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low extreme years were 1981 (P, =551=566 mm, P = 638654 mm), and 1988 (P, =126 mm, P, =138

mm). Shingle station had missing data from 2% in 1983 to 10% in 1979.=327mm;-Pe=139-mm)

Figure 7 displays the mean annual precipitation in cold and warm seasons for the northern group. The

According-to-the-gauge measurements_showed—the-mean annual valuesP-in-this—regionfluctuates from

155214 mm at Barter_Island, 194 mm;—303mm at Komakuk to 302566 mm at Shingle Point, i.e.—Fhe

gauge—data—suggest a strong precipitation increasedP—inerease from the west to the east, particularly

between Komakuk Beach and Shingle Point. However, the corrected data (Pc) showedshew a different
pattern (Figure 7), i.e. higher precipitationP at Barter than Komakuk, so the gradient across the border
changed the sign and magnitude. This change wasis caused mainly by the high correctioneerrections at

the Barter station, particularly for snowfall data during the cold months (Fig. 2).-

For the central group, the annual results are shown for 8 years (2006-2013) in Figure 8. The Pm_ranged

from 66 to 391 mm at the Eagle, and the bias corrections were 5-27 mm, correspondingly, which on

average increase the total precipitation by 7%. While at Dawson, the P, ranged from 158 to 333 mm, and

the adjustments were from 4 mm to 10 mm, with an average increase in yearly precipitation by 3%. The

gauge data showed a slight increase (12 mm) of mean precipitation from west to the east, i.e. slightly

higher P in Yukon relative to Alaska. This result is consistent with other studies (Simpson et al., 2002,

2005). The corrected data, on the other hand, suggest a smaller gradient (1 mm) across the border (Figure

9). This change was mainly due to the higher corrections for the US 8-inch gauge at Eagle.
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Similar to the monthly results, the northern stations exhibitedexhibit higher yearly corrections for

snowfall and rainfall measurements relative to the central group. This wasis because of higher winds in
the northern stations, i.e. yearly mean wind speeds of 3.8 m/s in the north group and 1 m/s in the central
group. This windy and snowy environment in the north producedproduce higher wind-loss for the
snowfall measurements by the gauges, which wasis the largest errors in precipitation records in the high
latitudes (Benning and Yang, 2005; Yang and Ohata, 2001; Yang et al., 1998b).{Benning—and—Y¥ang;

2005 Yang-and-Ohata—2001-—Yang-et-al—1998b). It is important to note that gauge measured and bias

corrected data showedshew different pattern in seasonal and yearly precipitationP in the northern region.

In other words, bias corrections of gauge measurements alter the precipitation? gradient in the northern
areas; this change wasis mainly due to the difference in the catch efficiency between the US and Canadian
standard gauges. The corrections for the US gauge snow measurements wereare much higher than the

Canadian gauge, particularly in the cold and windy coastal regions.

3.3. Regression analysis of monthly data

The scatter plots of corresponding monthly precipitation for the two stations across the border and
between the two2 Yukon stations in Canada are illustrated in Figure 10. For the cold season (Figure
10.A), the gauge data showedshew more snowfall at BarterBartter for most years. Regression analysis
suggestedsuggests a weak relationship, with R’=0.34. The corrected data showedshew a similar
relationship, but a shift in the regression line, indicating a greater precipitationP difference over the cold
season across the border. For the warm season (Figure 10.B), the gauge data showedshow higher
precipitationP at the Komakuk station, and the regression suggestedsuggests a much stronger relationship.

The corrected data revealedPe—reveals a closer relationship between these two stations,

proposingstggesting a smaller gradient for the warm months.
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The scatter plot between the two stations in the Yukon Territory showedshew higher precipitationP at
Shingle point for both cold and warm seasons. It also gavegives another point of view about the effect of
the correction in this area. Relative to the cold months (Figure 10.C), the corrections wereare smaller for
the warm months (Figure 10.D), and there-is-a-bettercorrelation improved (R?=0.72-0.76).75)— However,
the relationship did notdeesn’t change much in both cases between the measured and corrected data. This

wasis because very small amount of corrections fordue—te the lower wind conditionswinds and higher

catch efficiency of the Canadian Nipher gauge.

For the central group, the scatter plot between Eagle and Dawson stations illustratedHlustrates a clear
difference in precipitation amount for the cold and warm months (Figure 10.E-F). The cold months
showedshew more precipitationP at Dawson, particularly for the wettest events, while Eagle diddees not
show any comparable amount. The correlation wasis weak, and insignificant (R* =0.13). The shift in the
fit line between measured and corrected data wasis also very small. The warm months showedshew low
precipitation at Dawson; a different pattern from the cold months. The regression wasis better, R

=0.5958; with a smaller shift due to the corrections.

Overall, we obtainedebtain consistent results among the Alaska and Yukon stations. The correlations
wereare higher in warm months (R? = 0.58 to 0.7675) and lower for the cold season (R* between 0.13 and
0.52). This result may suggest that the rainfall wasis more homogeneous over the regions in summer, and

greater difficulty and errors in snowfall measurements during the cold months.

3.4. Cumulative precipitation via double mass curves (DMC)

The DMC plot for Barter Island and Komakuk Beach showedshews more Py, at Komakuk than Barter

(Figure 11.A). The bias corrections lediead to a shift of the relationship with a significant increase in the
total precipitation® amount at BarterBartter. Relatively, the total cumulative precipitation for Barter
Island increasedincreases by 65% after the correction and by 1443% at Komakuk. The difference between

the two stations at the last cumulative point (December 1988) is 4264408 mm for Py, and 393388 mm for
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Pc. This shift representedrepresents a modification in the precipitation difference between these stations,

i.e. a change in the gradient’s direction (Figure 7).

The comparison of cumulative precipitation values between Shingle Point and Komakuk, both in Yukon,
is illustrated in Figure 11.B. Shingle Point showedshews more cumulative precipitation at the end of the

period (P,,=33223348 mm vs. P,=21152144 mm for Komakuk). Although the relationship wasis more

homogeneous between these stations, there wasis a break in the records around 13003866 mm for

Komakuk, maybe associated with changes in instruments or sensors. Examination of the station history

and information revealed an anemometer issue around the critical time that was fixed by August 1980.

This may affect wind data and thus the corrected precipitation values. Both stations showedhave increases

in total cumulative precipitation by 13%.P-by-3%+e—a-change-inprecipitation-differencefrom-1204-mm

The central stations showedshew a greater amount of Py, in Dawson (20652202 mm) than in Eagle
(19732027 mm) over the study period. Bias corrections changedehange the total precipitationP by 37%
and 73% for Eagle-and-Dawson_and Eagle, respectively, -resulting in a shift in the DMC (Figure 11.C),
particularly for the last period of time, to 21232265 mm in Dawson and to 21162173 mm in Eagle. This

shift also representedrepresents a slightly smaller precipitation difference between the two stations.

DuringEagle-and-Dawseon—tn the 8 years, the cumulative difference decreasedgees from 175-mm-te-92

mm to 7.3 mm.ever-the-study-period-

In summary, the DMC for measured and corrected precipitation showedshew that the main change wasis

due to the difference in their corrections (Figure 11); the north stations showedshew a greater change
compared with the central group. The P, showedshews in all the cases a smaller precipitation difference

between the two countries. This smaller difference ledleads to a decrease in the precipitationP gradient

across the border. This result implies that existing precipitation climate maps and information derived
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from gauge measurement without bias corrections may over-estimate the precipitationP gradient in these

regions. This overestimation will affect regional climate and hydrology analyses.

4. Summary and Discussiongiseussion

This study documents and quantifies the inconsistency in precipitation measurements in the northern and
central regions of Alaska/Yukon, with a focus on the-station pairs across US-Canada border. —The
monthly bias corrections show largea-significant-ameount-of errors in the gauge records due to the windy
and cold environment in the northern areas of Alaska and Yukon. The corrections for gauge undercatch
increase the snowfall by 136435% in January for the-Barter Island station_in Alaska. For the Yukon

stations, the increase is about 3134% in January and 4% in July.- These represent an annual mean loss of

8193 mm (101189%) in snowfall and 2025mm-{30%} mm_(29%) of rain at Barter, while at Shingle Point
and Komakuk Beach in Yukon the corrections are, on average, about 2531 mm (21%) for snow and 845
mm (6%) for rain. For Eagle (AK) and Dawson (YK) stations in the central region, the bias corrections

are small. The monthlyannual corrections range from 2%3%-16%forsnew; to 22% in winter and from

3% to 10% on summer months3-7%forrain-much-smallerthan-these-for-the-northernregion.

On the annual scale,-the Barter Island station in AK shows a yearly mean correction around 65%, five
times greater than the correction at Shingle Point and Komakuk Beach (1312% and 14%) in Canada. In
the central region, Eagle station shows an increase by 7%, meanwhile for Dawson the increase is only
3%. Thus, the bias correction is twice for Alaska compared to the Yukon stations. Relative to the northern

region, these corrections are small mainly due to warmerwarm temperatures and lowerlew winds in the

central region. These results clearly demonstrate that bias corrections may affect the spatial distribution of

precipitation across the border.

Regression analyses of the monthly P—data show small changes in the relationship due to the bias

corrections. The most evident change in the regression is between Barter Island and Komakuk Beach for
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both warm and cold seasons. The rest of the scatter plots, for the Komakuk Beach-Shingle Point and
Eagle-Dawson, do not show any appreciable change as the result of the bias corrections. There is a
stronger precipitationP correlation for the warm months (mainly rainfall) than for the cold month (mainly
snowfall) for all the station pairs. The cold months seem to have a-greater precipitationP variability across

the regions.

The double mass curve analyses demonstrate a significant change in the precipitationP accumulation and
difference between the two stations across the AK-YK border for the northern region, little changes for
the two stations in Yukon, and a smaller change in the central group. These changes, caused by gauge

catch efficiency, alters the precipitationP difference, resulting in a smaller and inverted precipitation

gradient across the border in the northern region. The double mass curve (DMC) is a useful tool to

evaluate the consistency of observation records over space and time (Searcy and Hardison, 1960).Hs

identifyinclude-changes—in-the-station-locations—and-instriments-or-sensers: Although in this work the

DMC has not been constructed against a reference station, the results clearly show some breaks on the
slope and gaps in the curves, indicating changes in precipitationP relationship across the border that could
be caused by any of the two stations. This information provides the timing when significant changes
occurred in the precipitationP regime. Detail metadataMetadata and information for the stations/networks
are necessary to understand the changes in precipitationP observations and to improve the

homogenization of the precipitation records over the high latitudes.
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This study shows similar monthly Pm across the north border region and higher P, in Yukon than Alaska

over the central region. This result is similar to other studies (Serreze and Hurst, 2000; Simpson et al.,

2005). After the bias corrections, precipitation patterns across the border changed, i.e. higher precipitation

in Barter than Komakuk, in other words, an inverted gradient across the borderline. Over the central

region, the measured mean annual precipitation is slightly higher in Yukon than Alaska, which is also

consistent with Simpson et al., (2002) and (2005). Our results suggest that the gradient between the

central pair of stations becomes smaller after the bias correction. This discrepancy should be taken into

account when using the precipitation data across the national borders for regional climate and hydrology

investigations.

Missing data may affect regional precipitation analyses. In this study, we calculated the missing data

percentages for all stations during the corresponding study periods, and set up a threshold of 30% to

exclude those months with higher missing values from monthly precipitation calculations. We compared

the precipitation amounts with and without the application of the threshold. The results do not show any

significant changes in the differences of gauge measured annual mean precipitation across the border,

although this filter affected annual precipitation in certain years. For instance, the northern station pair

(Barter and Komakuk stations) has missing value of 32% on July 1987. Calculations of vearly

precipitation for 1987 with and without this month show 16% and 10% difference at Komakuk and Barter

Island stations, respectively. Over the study period of 11 years, the annual mean bias correction

percentages remain the same (65% in Barter and 13% in Komakuk) with or without the missing months.

The mean annual decrease in bias correction amounts after the consideration of missing data is about 1-

3% in the northern region. This analysis suggests that the effect of missing data for our study is not

significant, particularly with the application of 30% missing threshold. More efforts are needed to further

examine the issues of missing records in climate analyses.

Classification of precipitationP types is the first step for the bias corrections of gauge records. It is also

important for climate change analyses over the cold regions. Leeper et al., (2015) Leeperetal{2615); in
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comparison of US CRN with the CO-OP station network precipitation measurements, averaged the
USCRN hourly temperatures data during precipitationP periods into an event mean and used it to group
precipitationP events into warm (mean temperature > 5C), near-freezing (mean temperature between 0C

and 5C), and freezing (mean temperature < 0C) conditions. Yang et al., (2005)¥ang-et-al{2005} used the

daily mean air temperature to estimate precipitation types (snow, mixed, and rain) when this information
is not available for the northern regions. In this study, monthly mean temperatures have been used to
determine the warm monthsseasen (mainly for rain) and cold months (mainly for snow). Mixed
precipitation has not been classified separately. This approach is reasonable for our analysis to focus on
the inconsistency in the monthly and yearly PP records across the border. Data collections and analyses
on shorter timescales, such as daily or hourly steps, are expected to produce better results, since
temperatures vary throughout the days in a month, particularly in the spring and fall seasons. Automatic

sensors will also be important to decide precipitation types at the operational and research networks.

The bias-corrected precipitation dataset developed by Yang et al., (2005) has been used for this analysis.

The corrections have been done systematically on a daily time scale that affects the daily Py time series.

This analysis focuses on the results of monthly and yearly precipitation data and quantifies the changes in

precipitation pattern across the AK-YK border. Careful analyses of available daily measured Pn_and

corrected P, data are necessary, since in the northern regions with low precipitation in winter, the bias

corrections can easily increase the daily Py, by a factor of up to 4-5 (Benning and Yang, 2005; Kane and

Stuefer, 2015; Yang et al., 1998b, 2005). This means that extreme precipitation events have been very

likely and seriously underestimated by using the gauge records without any bias corrections. The

consequence is certainly significant for climate regime and change investigations. To fill this knowledge

gap, our efforts are underway to examine the daily corrections, particularly on the windy and heavy

precipitation days, and to document the possible underestimation of precipitation extremes over the large

northern regions.
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Finalhyautomation of the meteorological observation networks and instruments has been a trend over the

past fewseveral decades around the world, including both the developed and developing nations. There is
a large variety of automatic gauges currently used for precipitation measurements at the national networks
(Nitu and Wong, 2010). These gauges differ in the measuring system, orifice area, capacity, sensitivity,
and configuration. The variation in automatic gauges is much greater relative to the manual standard

gauges (Goodison et al., 1998; Sevruk and Klemm, 1989){Goedison—et-ak—1998: Sevruk-andKlemm;
19893}. As demonstrated by (Yang et al., 2001)¥anrg-et-ak—2001) and this study, the use of different

instruments and configurations significantly affect the accuracy and consistency of regional precipitation
data. Fortunately, the Geonor gauge has recently been chosen and used at both the US Climate Reference
Network (USCRN) and the Surface Weather and Climate Network (SWCN) in Canada. This may reduce
the inconsistency in precipitationP measurements across US and Canada borders, although the double and

single Alter wind shields have been installed with the Geonor gauges in US and Canada, respectively.

Finally, it is important to emphasize that automatic gauges also significantly under catch snowfall (Wolff

et al., 2015) and bias corrections are necessary in order to obtain reliable precipitation data for the cold
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regions and seasons. The WMO SPICE project aims to examine the performance of automatic gauges and

instruments for snowfall observations in various climate conditions. It has tested many different automatic

gauges, including the Geonor gauge, at more than 20 field sites around the globe (Nitu et al., 2012;

Rasmussen et al., 2012; Wolff et al., 2015). The results of this project will be very useful to improve

precipitation data quality and regional climate analyses, including the border regions between US and

Canada.
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1070  Figure 6: Annual precipitations during 1978-1988 for the 3 stations in the northern group across the
1071 border. The percentages above the bars represent the missing data for the corresponding vear.
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Figure 8: Annual precipitations during 2006-2013 for two stations in the central part of the AK/YK

border. The percentages above the bars represent the missing data for the corresponding vear.
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1087 Figure 9: Mean Annual (2006-2013) measured and corrected precipitation for cold (T<0°C) and warm

1088 (T>0°C) months. The percentages are the change from measured to corrected precipitation. The
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1090

48



200 A 200 B
¢ Measured Precipitation at T<=0 C ’/ ° Measured Precipitation at T>0 C

| * Corrected Precipitation at T<=0C * Corrected Precipitation at T>0'C

ey
w
(=]

KOMAKUK BEACH ARPT
tn =]
=] =]

KOMAKUK BEACH ARPT

0 50 100 150 200 0 50 100 150 200
BARTER IS WSO AP BARTER IS WSO AP

200 200

—
w
[=]

-

w

o

1%
(=]

KOMAKUK BEACH ARPT
]
(=]
3

KOMAKUK BEACH ARPT
=)
o

0 50 100 150 200 0 50 100 150 200
SHINGLE POINT ARPT SHINGLE POINT ARPT

200 200
/ §

s
o
[=}

iy
o
[=]

DAWSON AIRPORT
=]

o
DAWSON AIRPORT
=
(=}

wm
o
[%]
o

150 200 0 50 100 150 200

1091

1092 | Figure 10: Scatter plots between station pairs for the measured and corrected precipitation (mm).- The red

1093 color shows warm months and the blue represents the cold months. A and B - Barter and Komakuk
1094 comparison across the border, the highest corrected values for Barter (AK) are labeled with the date to
1095  compare with Figure 4. C and D - Komakuk and Shingle Point comparison within Canada. E and F- Eagle

1096 vs-. Dawson across the border for the central group.
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