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Revisions and Responses for: 1 
Inconsistency in precipitation measurements across Alaska and Yukon 2 
border 3 
L. Scaff, D. Yang, Y. Li, and E. Mekis 4 
 5 
From: Anonymous Referee #1  6 
Received and published: 14 August 2015  7 
 8 
General Comments This study compared precipitation observations along international borders to investigate the 9 
impact of gauge type biases on the distribution of precipitation. The use of observed and corrected precipitation, in 10 
my opinion, is an interesting topic worthy of exploring. This is particularly true for the documented gradient 11 
difference, which I found to be the most novel part of the manuscript. However, these results are limited by the very 12 
small sample size; a set of two groups. In addition, I found the manuscript lacking details in some locations, which 13 
may be helpful to prospective readers. For instance, the authors never comment on whether precipitation gradients 14 
across the U.S.-Canada border should resemble the corrected or uncorrected gauge data results. Also missing was a 15 
brief description of how the Yang et al. (2005) corrections were applied. This is of interest since U.S. National 16 
Weather Service (NWS) stations do monitor surface winds, which may be necessary to evaluate wind related biases. 17 
Moreover, I recommend the manuscript be considered for publication pending minor revisions; however, I’m 18 
concerned about the impact of the study considering the small sample size.  19 
 20 

We greatly appreciate your time and comments, and we have improved the paper with the revision.  21 
 22 
 23 
Specific Comments  24 
 25 
1). The most interesting aspect of this study is the gradient differences between corrected and uncorrected gauge 26 
data. Unfortunately, this analysis is limited by the selection of a study area, which in my opinion is too narrowly 27 
focused on the Alaska and Yukon border. It is not clear in the manuscript why the southern region along the U.S. 28 
and Canada border was excluded. Do the authors expect differences along southern border to differ from the AK and 29 
Yukon comparison? Does the Yang et al. (2005) dataset not include stations along this border? Please explain.  30 
 31 

Re: The main objective of this study is to examine and quantify the changes in precipitation gradient across 32 
the AK and YK border due to bias corrections of US and Canadian gauge observations. Many studies, 33 
including Yang et al., (2005)1, clearly show that the biases in gauge precipitation measurements are very 34 
high (up to 80-100%) for the cold regions, particularly in areas with light snowfall and high winds. 35 
Relative to the AK-YK border, this region are cold with more snowfall compared with southern US-36 
Canada, meaning higher biases due to wind induced gauge undercatch, and thus significant changes and 37 
difference between measured and corrected precipitation across AK-YK border. This is the reason why our 38 
study specifically selected such a region, i.e. to focus on an area with the biggest problem in precipitation 39 
measurements incompatibility. This study used data from 5 climate stations in 2 groups in the northern and 40 
central AK-YK regions. The selected stations very well represent climate gradient across the region, and 41 
the results from these sites are sufficient for the methodology development and demonstration of new 42 
knowledge in precipitation regime and distribution.  43 
 44 

                                                      

1 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)1 include many climate stations along the southern US/Canada 45 
border. Since geography and climate conditions vary greatly along this long transect of several thousand 46 
kilometers, we expect to find different results from AK/YK transect.  47 
Our effort is ongoing to investigate precipitation measurements and data quality over the US/Canada 48 
border regions. 49 

 50 
2). If known, could the authors consider providing some context to the reader as to what direction the precipitation 51 
gradient should be along the border. In other words, should we expect more to less, less to more, or the same amount 52 
of precipitation as you move across the border from the U.S. to Canadian?  53 

 54 
Re: Simpson et al. (2005) 2  studied temperature and precipitation distributions (with ANUSPLIN and 55 
PRISM interpolation methods) over the State of Alaska, with 54 precipitation stations for ANUSPLIN 56 
interpolation and over 500 stations for PRISM. The records lengths are variables, but most of them are 57 
between 1930-1990 in ANUSPLIN and 1960-1990 in PRISM. They found that monthly precipitation show a 58 
clear seasonal variability with the maximum in summer season and precipitation consistently increase from 59 
north to south. The mean monthly (12 months average) precipitation distribution across the AK-YK border 60 
shows a difference in central Alaska (5-15 mm) and Yukon (15-40 mm) in both interpolations, including the 61 
headwater of the Yukon basin, which is consistent with higher values in Yukon (relative to AK) as we 62 
presented in Figure 9 in the manuscript. The Brooks Range (foothills and summits) also have higher mean 63 
monthly precipitation (approx. 40 mm) relative to its surroundings (approx. 25 mm). Mean monthly 64 
precipitation along the northern coast and the south region of the Beaufort Sea shows relatively 65 
homogeneous values, less than 10 mm as the 12-month average. These results are in general consistent 66 
with Serreze and Hurst (2000)3, who, based on monthly reanalysis and bias-corrected precipitation data 67 
over the large arctic regions, also identify a more dominant gradient north to south and a relatively 68 
homogeneous precipitation gradient along the coast of the Beaufort Sea compared with the increase in the 69 
Brooks Range.  70 
 71 
Our results show a monthly mean precipitation amounts across the north regions from 150 mm to 300 mm 72 
for yearly total, (c.f. Fig. 7 in the manuscript), with higher (gauge measured) precipitation in Yukon than 73 
Alaska. After the bias corrections, the precipitation difference across the border is smaller, and even more 74 
the horizontal gradient changes the sign between Barter and Komakuk stations. These results are in 75 
agreement with the last above mentioned works. In the central region (c.f. Fig. 9 in the manuscript) the 76 
measured precipitation is slightly higher in Yukon, which is also consistent with Simpson et al., (2005)2. 77 
The gradient also becomes smaller after the bias corrections. 78 
 79 
We have included part of the information above in the revised manuscript. 80 
 81 

3). I recommend the authors provide some additional details on how U.S. and Canadian gauge data were corrected at 82 
the daily scale. For instance, what surface wind speed data was used to correct National Weather Service (NWS) 83 
station gauge data if they are not equipped with sensors to monitor surface winds. Is it from nearby stations? If so, 84 
how far apart are the two sensors (anemometer and precipitation gauge)? Do the Canadian stations monitor surface 85 
winds? If not how far are those nearby measurements?  86 

                                                      
2 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.CO;2, 2000. 
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 87 
Re: We have provided additional details regarding bias corrections in the revision. The text below is a 88 
summary:  89 
 90 
The bias corrections were done Yang et al. (2005)1 for more than 4000 northern stations above 45N, 91 
including the US and Canada, on a daily time scale. Gauge measured precipitation, temperature, and wind 92 
data were used for this task. For the US stations, wind data from the standard height was reduced to the 93 
gauge level of the NWS 8-in gauge. Wind speeds and directions were measured at the Canada climatic 94 
network; the same approach was applied to estimate the wind seed at the gauge height on precipitation 95 
days. The corrections were done only for those stations with wind data. There are many stations in the US 96 
without wind info and this is a challenge to gauge bias corrections. It has been recommended to measure 97 
wind speed and direction at the gauge height for the operational networks, so as to reduce the uncertainly 98 
in precipitation bias corrections. 99 

 100 
 101 
Technical Comments  102 
 103 
1). On page 3711 line 10, the acronym “P” has not been defined yet; please do so here. 104 

 105 
Re: We replaced the acronym P for the word "precipitation". 106 
 107 

2). On page 3712 line 23, replace “in” with “into”  108 
Re: The change was made. 109 
 110 

3). On page 3713, the sentence beginning on line 2 with “The observations have . . .” is confusing. Please describe 111 
exactly what the researchers’ have done to the gauge data that follows U.S. and Canadian national standards. I 112 
suspect this sentence may not be necessary?  113 

 114 
Re: Agree, the sentence is not necessary. It was deleted. 115 
 116 

4). On page 3713 line 7, the National Climatic Data Center (NCDC) has just recently changed its name to the 117 
National Centers for Environmental Information (NCEI). While urls are in the process of being updated, the old 118 
links will be preserved into the future. Recommend referring to the new name: National Centers for Environmental 119 
Information (formally National Climatic Data Center).  120 

 121 
Re: Thank you for the information. The name of the center was changed and the link updated. 122 
 123 

5). On page 3713 line 21, suggest revising sentence from “yearly precipitation data across the border station pairs” 124 
to “yearly precipitation data from the selected border station pairs”. 125 

 126 
Re: The sentence was modified as suggested. 127 
 128 

 6). On page 3713 line 23, drop the “s” on periods.  129 
 130 
Re: The "s" was deleted. 131 
 132 

7). On page 3713 line 23, may want to consider briefly explaining what is meant by double mass curves. Such a 133 
description could be pulled from the summary and conclusion section where it is currently described in better detail.  134 

 135 
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Re: More detail of the DMC was included in this section. 136 
 137 

8). The use of three acronyms for precipitation throughout the results section was slightly confusing: P, Pm and Pc. 138 
Perhaps P is not really necessary. To me, P was synonymous with Pm?  139 

 140 
Re: It is true that we had many acronyms for different types of precipitation, so we decided to write out 141 
completely "precipitation" for total precipitation or for the general term, and keep Pm to indicate 142 
“Measured Precipitation” in comparison to Pc, which is “Corrected Precipitation”. 143 

 144 
9). On page 3714 line 17, add an “s” to “word”; “In other words, . . .”  145 

 146 
Re: We included the "s". 147 

 148 
10). On page 3715 line 21, use the Pm acronym for “measured P” Pc for “the corrected values”.  149 

 150 
Re: We replaced the words for the acronyms, to be consistent. 151 

 152 
11). On page 3716 line 23, you may want to consider replacing the second use of the term “correction” with “bias”? 153 

 154 
Re: We modified the word as suggested. 155 

 156 
12). On the same sentence as earlier (comment 11), consider replacing “besides” with “apart from”.  157 

 158 
Re: We modified the word as suggested. 159 

 160 
13). On page 3716 line 29, the sentence may read better as “Eagle and Dawson regions with border station mean 161 
temperature and wind speed within a degree Celsius and meter per second respectively”.  162 

 163 
Re: We modified this sentence to make it clearer. 164 

 165 
14). On page 3717 line 27, please invert “respectively” and “for Pm and Pc” so the sentence reads “. . . 347 mm for 166 
Pm and Pc respectively.”  167 

 168 
Re: The word "Respectively” was deleted and improved the text for a better understanding. 169 

 170 
15). On page 3718 line 2, I believe the numbers 88 and 139 should also be inverted?  171 

 172 
Re: Thank you for noting this typo, the numbers were corrected and verified in the calculations. We also 173 
extended this phrase a bit more for a better understanding. 174 

 175 
16). On page 3720 line 21, please provide a bit more information on how the instrument has changed. For instance, 176 
was a new Nipher gauge installed?  177 

 178 
Re: We found the evidence of anemometer issue, which was fixed by 1980/08/28. This may affected the 179 
corrected precipitation values. Maybe other changes have been done, but no other record of them was 180 
found. 181 

 182 



5 
 

17). On page 3720 line 22, the sentence beginning as “Both stations. . .” seems a bit odd. For instance, what is the 183 
cumulative precipitation increase of 3% in reference to; Pc compared to Pm? You may also want to identify on 184 
figure 11 where exactly 1204 and 1352 mm are on the x-axis (i.e. add a line to the graph)?  185 

 186 
Re: The phrase was modified and the figure was corrected. The x axis was not long enough, so it couldn’t 187 
show the whole curve.  188 

 189 
18). On page 3711 line 11, the reference for Leeper et al. 2014 should be 2015?  190 

 191 
Re: Yes, the year is 2015. It was corrected in the new version of the manuscript. 192 

 193 
19). On pages 3714 line 27, 3716 line 10, and 3723 line 29 there are references to Yang et al. 1998, which according 194 
to the cited references should be identified with either an “a” or “b”.  195 

 196 
Re: The references were updated. 197 

 198 
20). On page 3722 line 27, should the Searcy and Hardison Clayton, 1960 inline reference be Searcy and Clayton, 199 
1960?  200 

 201 
Re: Yes, the reference was modified. However, the last name of the second author is Hardison, so the 202 
reference is now: (Searcy and Hardison, 1960). This paragraph was moved to the “Study Area, Data and 203 
Methods” section. 204 

 205 
21). On page 3722 line 20, replace “the” with “a”? “It is very clear from this study that a. . .”.  206 

 207 
Re: The text was modified. 208 
 209 

22). On page 3722 line 23, you could omit “and cold” since the sentence is already talking about snowfall; cold 210 
conditions are already implied. 211 

 212 
Re: The sentence was improved.  213 

 214 
23). On page 3726 line 21, I could not seem to find an inline reference for Yang 2014.  215 

 216 
Re: The inline reference was removed. 217 

 218 
24). On page 3724 line 10, since “national networks” is not referring to a specific network so you may want to 219 
remove word “the”? So the sentence reads: "...precipitation measurements at national networks.  220 

 221 
Re: The word was changed. 222 

 223 
25). Figure caption 1 should read “Study area and locations of selected. . .”? 224 

 225 
Re: The word was added. 226 
 227 

228 



6 
 

From S. Stuefer (Referee) 229 
sveta.stuefer@alaska.edu 230 
Received and published: 22 September 2015 231 
 232 
Originality: The scope of the manuscript is well suited for The Cryosphere. This paper compares precipitation data 233 
from 3 gauges located in the Yukon Territory, Canada, with precipitation data from 2 gauges located in northern 234 
Alaska, USA. Both solid and liquid precipitation are considered in this comparison. The main finding of the paper is 235 
that monthly and yearly precipitation amounts are inconsistent between U.S. and Canadian stations along the 236 
Beaufort Sea coast. This inconsistency is attributed to the differences in instrumentation (precipitation gauges) 237 
between two countries. 238 
 239 
Scientific quality: The purpose of this paper - to identify and quantify inconsistency in precipitation measurements - 240 
is well articulated. The methodology involved correction of systematic biases and a comparison of measured and 241 
corrected monthly and annual precipitation data between different stations using regression analysis and double 242 
mass curves.  243 
 244 

RE: We greatly appreciate your review and suggestions. We have improved the paper during the revision. 245 
 246 
 247 
Inconsistency in monthly and yearly precipitation can be attributed to several major factors: (1) differences in gauge 248 
performance, (2) the amount of missing data, and (3) natural variability in precipitation. Though the authors have 249 
most certainly considered all these factors, only one factor (gauge performance) is discussed in the current version 250 
of the manuscript. To omit discussion of the two other factors is a shortcoming that needs to be addressed.  251 
 252 

Re: we agree with this important comment. The main approach of this paper is to quantify the difference of 253 
the gauge performance in the northern regions between US and Canada.  254 
 255 
As suggested, the amount of missing data will affect data analysis, including the calculations of monthly 256 
and annual total precipitation. We considered this issue and set up 30% threshold for the maximum missing 257 
data in each month. For the months with greater missing percentages, monthly was not calculated. In this 258 
revision, we have included the missing data values in the results and figures, although this factor should be 259 
minor for our analysis with long-term data at multiple stations.  260 
 261 
The natural variability in precipitation is the key question for this study. We are aware that the selected 262 
stations are not close enough to assume to receive similar amounts of precipitation, since they are subject 263 
to different environments perhaps with some local terrain effects. That is why the calculation of 264 
precipitation difference, i.e. the gradient across the border, is the focal point of the analysis. Furthermore, 265 
we also quantify the changes in precipitation gradient between the measured and corrected data. We think 266 
the results from the corrected data are more reliable and useful for regional climate analyses.     267 
 268 

Factor 2 is important because of the low quality of precipitation data in the Arctic. Many days of missing 269 
precipitation data would lower the monthly and annual sums of daily precipitation and, therefore, introduce 270 
inconsistency between the different stations. It might be helpful to add a table or a plot showing the percentage of 271 
missing precipitation data each year, for each station. The information in such a table or plot would either address 272 
my comment or raise a discussion on another aspect of inconsistency.  273 
 274 

Re: Following this suggestion, we have calculated the missing data at the monthly and yearly scales for 275 
each station. The mean missing values in % are shown in Figures 2, 5, 6 and 8 (and the maximum values 276 
for the monthly plots; Figs. 2 and 5).  277 
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 278 
We understand that missing data may affect regional precipitation analyses. In this study, we calculated the 279 
missing data percentages for all stations during the corresponding study periods, and set up a threshold of 280 
30% to exclude those months with higher missing values from monthly precipitation calculations. We 281 
compared the precipitation amounts with and without the application of the threshold. The results do not 282 
show any significant changes in the differences of gauge measured annual mean precipitation across the 283 
border, although this filter affected annual precipitation in certain years. For instance, the northern station 284 
pair (Barter and Komakuk stations) has missing value of 32% on July 1987. Calculations of yearly 285 
precipitation for 1987 with and without this month show 16% and 10% difference at Komakuk and Barter 286 
Island stations, respectively. Over the study period of 11 years, the annual mean bias correction 287 
percentages remain the same (65% in Barter and 13% in Komakuk, c.f. Figure 7 in the manuscript) with or 288 
without the missing months. The mean annual decrease in bias correction amounts after the consideration 289 
of missing data is about 1-3% in the northern region. This analysis suggests that the effect of missing data 290 
for our study is not significant, particularly with the application of 30% missing threshold.   291 
 292 
For the central station pair, there are 3 months with 39%, 61% and 42% (Feb. 2006, Aug. 2008 and Jan. 293 
2012) of missing data that were excluded from our analysis. These months represent 0.5%, 40% and 5% of 294 
the annual precipitation in the corresponding years at Eagle station, and 13%, 1% and 26% for Dawson. 295 
Because of the missing data at Dawson in August 2008, while Eagle recorded significant storms for this 296 
year, August contributed 40% to the annual Pm at Eagle. Over the study periods, the exclusion of these 297 
three months with higher missing records resulted in the mean Pm decrease by 3% at Eagle and 15% at 298 
Dawson. This impact is higher than the northern regions. Another important issue of missing data is 299 
related with remoteness of the sites and lower density for stations in the northern regions. Big storms can 300 
be missed during the non-recording days. It is hoped that remote sensing information may help to identify 301 
the missing storms over the surface weather network, although not much could be done for the historical 302 
missing records. 303 
 304 
This information was summarized and included in the revised manuscript. 305 

 306 
Factor 3 is based on the observation that if two stations with different precipitation gauges are located very close to 307 
each other, the inconsistency in records is clearly attributed to gauge performance. This requirement of geographic 308 
proximity might hold for the Eagle and Dawson stations, but the northern stations are located on different sides of 309 
the Brooks Range, long distances apart (143 km and 138 km apart, shown in Figure 7). Please discuss the 310 
inconsistency in monthly and annual precipitation received by the northern stations in terms of the stations’ 311 
proximity to the Brooks Range and to each other.  312 
 313 

Re: The three northern stations selected for this study are located north of the Brooks Range. The 314 
approximate distances to the mountain edge are 100 km for the Barter Island station, 90 km for Shingle 315 
Point station, and 150 km for the Komakuk station. The two Yukon stations are along the shore line and the 316 
station in Alaska is an island site, right next to the coast line. The altitudes of the stations are 11, 7, and 49 317 
m a.s.l., respectively.  318 
 319 
According to Manson and Solomon (2007) 4, the summer storms coming from the open water in the 320 
Beaufort Sea are the greatest contribution to annual precipitation. The storm tracks are mainly from the 321 

                                                      

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/ao.450204, 2007. 
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northwest, affecting the long coastal regions represented by the 3 stations. The storms are obstructed by the 322 
Brooks Range once moving inlands. The weather patterns in the surrounding of the stations might be 323 
affected by the mountains, but the stations are not separated by the Brooks Range. Given this setting, it is 324 
not expected to see a great impact of mountain range on precipitation process and distribution along the 325 
relatively flat coast line.  326 
 327 
The three stations are far part (approx. 140 km). We used them to find/quantify the spatial variation in 328 
precipitation for different seasons. We calculate precipitation gradient between 2 stations and compare the 329 
results between the measured and corrected precipitation data. We do see changes in precipitation gradient 330 
after the bias corrections, thus, achieving our goal to bring the issue of precipitation inconsistency between 331 
national standard gauges to the broader climate and hydrology community. 332 
 333 
This information was summarized and included in the revised manuscript. 334 

 335 
 336 
Significance: This manuscript represents a significant interest in the regional analysis of precipitation and climate in 337 
northern regions. I recommend acceptance of the manuscript once the above-mentioned points are carefully 338 
addressed.  339 

 340 
Presentation quality: The paper is well structured and clearly organized. The text reads well, and the authors’ logic is 341 
easy to follow. The quality of the tables and figures is generally good, but can be improved with the following 342 
suggestions:  343 
 344 
Table 1: Add a column with the height of the precipitation gauge and the wind sensor above the ground, similar to 345 
Table 1 in Yang et al., 1998b. This information is not publically available, but is critical input for wind-induced 346 
corrections.  347 

 348 
Re: Yes, this information is very useful for our analysis. We added information about the precipitation 349 
sensors in Table 1 and the standard rim of the Nipher and NWS-8inch. gauge height t in the text. However, 350 
the records are very sparse and poor of this kind of details. 351 

 352 
Table 1, column heading “Measurement device snow”: Consider re-labeling this column “Snow gauge.” Also, 353 
include a column that describes the instrument used for the rainfall measurements.  354 

 355 
Re: The column heading was modified. 356 
 357 

Table 1 shows that analysis of precipitation data was performed for the two different data periods, 1978–1988 versus 358 
2006–2013. Include a justification for the choice of this period in the text.  359 

 360 
Re: The data availability is limited in the area, so after a revision of the common periods between pairs in 361 
the dataset, none of the north and central regions ranges were overlapped. With this, we chose the more 362 
extended periods in both regions even there was in different years. 363 
 364 
Also there was major change of the observing program. For instance in the Canadian side Komakuk station 365 
was closed as of June 30, 1993 and Shingle Point became automated, READAC system (prototype of 366 
AWOS) was installed in November, 1993. 367 
 368 
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Figure 11 shows double mass curves without an explanation for the precipitation metric used. The addition of 369 
something like “monthly precipitation (mm) summed over the period specified in Table 1” would improve this 370 
figure.  371 

 372 
Re: The units were included in the axis label. 373 

 374 
Minor comments:  375 
 376 
Page 4, line 7: At the end of the sentence, replace the comma with a period.  377 

 378 
Re: The comma was replaced by a period. 379 
 380 

Page 9, line 11: Correct the wording “is lowers.”  381 
 382 
Re: The word was corrected. 383 
 384 

Page 12, line 6–7: The verb is missing.  385 
 386 
Re: A verb was added and the sentence was improved. 387 
 388 

Page 15, lines 24–25: Consider moving this sentence to the Methods section.  389 
 390 
Re: The sentence was removed from the conclusions, and included in the Method section. 391 
 392 

Page 16, line 1–2: Consider referencing the recent paper on this topic by Kane, D.L., and S.L. Stuefer, 2015. 393 
Reflecting on the status of precipitation data collection in Alaska. Hydrology Research, Vol. 46, No. 4, pp. 478–493.  394 

 395 
Re: The reference suggested is certainly relevant in this work. It was cited in the Discussion section. 396 
 397 

Table 1: For latitude and longitude, replace “N” and “W” with the units of “decimal degrees.”  398 
 399 
Re: The table headers were improved. 400 

 401 
Figure 10 and Figure 11: Consider labeling each axis with the plotted variable and corresponding units. For 402 
example, the axis label would appear as “Monthly Pc (mm)” or “Cumulative monthly Pc (mm).” 403 

 404 
Re: Thank you, for noting this. The units were included in the figure caption of figure 10 and in the axis 405 
label for figure 11. 406 

 407 

408 
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List of all relevant changes made in the manuscript 409 

 410 

Following the comments from the reviewers, the main changes in the manuscript were: 411 

 412 

• A better context about the precipitation distribution in the region, considering past studies in the 413 
central-northern part of the Alaska-Yukon border was included in the Introduction (comment #2, 414 
reviewer #1). 415 

 416 

• More details about the instrumentation and the bias-correction methodology were included in the 417 
second section (Study Area, Data and Methods) (comment #3, reviewer #1). 418 

 419 

• The missing data percentages on the monthly and yearly scale were added in the analysis. A 420 
threshold of 30% of missing data was applied in the observations to exclude the months with 421 
higher missing values (comment, reviewer #2). 422 

o Because of the missing data analysis, the total observed precipitation and the percentages 423 
of corrections in most of the stations were updated. 424 

 425 

• A better context in the introduction about the topography and the possible influence of the Brooks 426 
Range was presented in the second section (Study Area, Data and Methods) (comment, reviewer 427 
#2). 428 

429 
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Abstract 447 

This study quantifies the inconsistency in gauge precipitation observations across the border of Alaska 448 

and Yukon. It analyses the precipitation measurements by the national standard gauges (NWS 8-in gauge 449 

and Nipher gauge), and the bias-corrected data to account for wind effect on the gauge catch, wetting loss 450 

and trace events. The bias corrections show a significant amount of errors in the gauge records due to the 451 

windy and cold environment in the northern areas of Alaska and Yukon. Monthly corrections increase 452 

solid precipitation by 136135% in January, 20% for July at the Barter Island in Alaska, and about 31% for 453 

January and 4% for July at the Yukon stations. Regression analyses of the monthly precipitation data 454 

show a stronger correlation for the warm months (mainly rainfall) than for cold month (mainly snowfall) 455 

between the station pairs, and small changes in the precipitation relationship due to the bias corrections. 456 

Double mass curves also indicate changes in the cumulative precipitation over the study periods. This 457 

change leads to a smaller and inverted precipitation gradient across the border, representing a significant 458 

modification in the precipitation pattern over the northern region. Overall, this study discovers significant 459 

inconsistency in the precipitation measurements across the US and Canada border. This discontinuity is 460 

greater for snowfall than for rainfall, as gauge snowfall observations have large errors in the windy and 461 

cold conditions. This result will certainly impact regional, particularly cross borders, climate and 462 

hydrology investigations. 463 

 464 

Key words: snowfall, national precipitation gauge, measurement errors, bias correction, 465 

precipitation gradient and distribution. 466 

467 
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1. Introduction  468 

It is known that discontinuities in precipitation measurements may exist across the national boundaries 469 

because of the different instruments and observation methods used (Nitu and Wong, 2010; Sanderson, 470 

1975; Sevruk and Klemm, 1989; Yang et al., 2001). For instance, the National Weather Service (NWS) 8-471 

inch gauge is used for precipitation measurements in the United States (U.S.), and the Nipher snow gauge 472 

has been used in Canada for decades. Different instruments have also been used in various observational 473 

networks within the same country. In the synoptic network, the Type-B rain gauge and Nipher gauge are 474 

the standard manual instruments for rain and snow observations in Canada (Mekis and Vincent, 2011; 475 

Metcalfe and Goodison, 1993), and recently the Geonor automatic gauges have been installed(Nitu and 476 

Wong, 2010; Sanderson, 1975; Sevruk and Klemm, 1989; Yang et al., 2001). For instance, the National 477 

Weather Service (NWS) 8-inch gauge is used for precipitation measurements in the United States, and the 478 

Nipher snow gauge is the standard instrument over Canada. Different instruments have also been used in 479 

various observational networks within the same country. The Type-B rain gauge and Nipher gauge are the 480 

standard instruments for rain and snow observations in Canada, respectively (Mekis and Vincent, 2011; 481 

Metcalfe and Goodison, 1993), and recently the Geonor gauges have been installed at the synoptic 482 

stations across Canada. 483 

Instruments also change over time at most operational networks, resulting in significant breaks in data 484 

records. It has been realized that combination of regional precipitation records from different sources may 485 

result in inhomogeneous precipitation time series and can lead to incorrect spatial interpretations (Yang et 486 

al., 2005). Efforts have been reported to examine the precipitationP discontinuity within a country 487 

(Groisman and Easterling, 1994; Sanderson, 1975). Leeper et al., (2015)Leeper et al (2014) found that the 488 

US COOP stations reported slightly more precipitation overall (1.5%) with network differences varying 489 

seasonally. The COOP gauges were sensitive to wind biases, particularly over winter when COOP 490 

observed (10%) less precipitation than the U.S. Climate Reference Network (USCRN).. Conversely, 491 

wetting and evaporation losses, which dominate in summer, were sources of bias for USCRN. Mekis and 492 
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Brown, (2010) developed adjustment method to link the Nipher gauge and ruler snowfall measurements 493 

over Canada Yang and Simonenko, (2013)Yang and Simonenko (2013) compared the measurements 494 

among 6 Russian Tretyakov gauges at the Valdai experimental station, and reported the differences of less 495 

than 5-6% for the study period. These results are useful to determine the homogeneity of precipitation 496 

data collected by a standard gauge within the national and regional networks. 497 

Many studies show that the national standard gauges, including the Canadian Nipher, and US 8-inch 498 

gauges, under measure precipitation especially for snowfall (Goodison, 1981; Goodison et al., 1998; 499 

Yang et al., 1995, 1998a, 1999)(Goodison, 1981; Goodison et al., 1998; Yang et al., 1995, 1998a, 1999). 500 

Compatibility analysis of precipitation measurements by various national gauges suggests little difference 501 

(less than 5%) for rainfall observations, but a significant discrepancy (up to 110%) for snowfall 502 

measurements (Yang et al., 2001). For instance, the experimental data from Valdai show that the U.S. 8-503 

inch gauge at Valdai systematically measured 30-50% less snow and mixed precipitation than the 504 

Canadian Nipher gauge (Yang et al., 2001). This difference in national gauge catch has introduced a 505 

significant discontinuity in precipitation records between the U.S. and Canada borders, particularly in 506 

windy and cold regions. Differences in the snow measurements across the US and Canada border has also 507 

been noticed in other studies as a problem to produce gridded products and to develop precipitation input 508 

for basin hydrological investigations (Šeparović et al., 2013; Zhao et al., 2010).  509 

P input for basin hydrological study (Šeparović et al., 2013; Zhao et al., 2010). Although Yang et al. 510 

(2001)Yang et al. (2001) compared the relative catch of many national standard gauges, little has been 511 

done to address the inconsistency of precipitation records across the national borders., This is an 512 

important issue, since most regional precipitation data and products have been compiled and derived from 513 

the combination of various data sources, assuming these data and observations were compatible across the 514 

borders and among the national observational networks. Simpson et al., (2005) studied temperature and 515 

precipitation distributions over the State of Alaska and west Yukon, and documented precipitation 516 

increase from north to south. They also report differences in mean monthly precipitation across the 517 
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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. 518 

(Jones and Fahl, 1994) found a weak gradient in annual precipitation across the AK-YK border, including 519 

the headwaters of the Yukon River. Other studies also discuss precipitation distribution and changes over 520 

the arctic regions (Legates and Willmott, 1990; Serreze and Hurst, 2000; Yang et al., 2005).  521 

The objective of this work is to examine the inconsistency in precipitation measurements across the 522 

border between Alaska and Yukon. We analyze both gauge-measured and bias-corrected monthly 523 

precipitation data at several climate stations across the border, and quantify the changes in precipitation 524 

amounts and patterns due to the bias corrections. We also calculate the precipitation gradients across the 525 

border, and discuss precipitation distribution for the warm and cold seasons. The methods and results of 526 

this study are useful for cold region climate and hydrology investigations and applications. 527 

 528 

2. Study Area, Dataarea, data and Methodsmethods  529 

The study areas include the northern and central regions of Alaska (AK) and Yukon (YK). We choose 5 530 

climate stations across the Yukon and Alaska border, which use the national standard gauges (NWS 8 in 531 

gauge and the Canadian Nipher gauge) for precipitation observations (Figure 1). These stations can be 532 

classified intoin 2 groups. The first group, 3 stations about 150 km apart,  is the northern region along the 533 

coast of the Beaufort Sea; with the Barter Island station in Alaska and Komakuk and Shingle Pointpoint 534 

stations in Yukon. The second group is in the central part of the region;, i.e. the Eagle station in Alaska 535 

and Dawson station in Yukon, about 130 km apart.  536 

The three northern stations selected for this study are located north of the Brooks Range. The approximate 537 

distances to the mountain edge are 100 km for the Barter Island station, 90 km for Shingle Point station, 538 

and 150 km for the Komakuk station. Both stations in Yukon are along the shore line and the station in 539 

Alaska is an island site, very close to the coast line. The altitudes of the stations range from 7 to 49 m 540 

a.s.l. According to Manson and Solomon, (2007), the summer storm tracks are usually from the northwest 541 
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coming from the open water in the Beaufort Sea and are the greatest contributor to annual precipitation. 542 

The storms are obstructed by the Brooks Range once moving inlands. The weather patterns in the 543 

surrounding of the stations might be affected by the mountains, but the stations are not separated by the 544 

Brooks Range. Given this setting, it is expected to see little impact of mountain range on the precipitation 545 

process and distribution along the relatively flat coast line.  546 

These stations have been operated by the NWS and Environment Canada (EC) since the early 1970's. The 547 

observations have been done according to the national standards of US and Canada. The detail 548 

information for these stations are given in Table 1, such as the location, period of measurement used for 549 

this work, instrument types for precipitation observations, and a climate summary for yearly temperature, 550 

precipitation ,(P), and wind speed.     551 

Yang et al. (2005) have developed a bias corrected daily precipitation dataset for the northern regions 552 

above 45°N45N. The source data are acquired from the National Centers for Environmental Information 553 

(NCEI), i.e.Climatic Data Center, i.e. a global daily surface data archive for over 8,000 stations around 554 

the world (https://www.ncdc.noaa.gov/data-access/quick-links#ghcn).(http://www.ncdc.noaa.gov/cgi-555 

bin/res40.pl).  To focus on the high latitude regions, a subset of the global daily data, about 45,000 556 

stations located north of 45°N45N with data records longer-than 20 years during 1973-2003 has been 557 

created. Yang et al. (2005) applied a consistent procedure derived from the WMO Solid Precipitation 558 

Intercomparison (Goodison et al., 1998), using wind speed, temperature, and the precipitation as inputs 559 

(Yang et al., 1998b, 2005)., at all the stations over the high latitude regions. They quantify the 560 

precipitation gauge measurement biases for the wind-induced undercatch, wetting losses, and trace 561 

amount of precipitation. For the US stations, wind data from the standard height was reduced to the gauge 562 

level of the NWS 8-in gauge (standard height is 1 m). Wind speeds and directions were measured at the 563 

Canadian climatic network; the same approach was applied to estimate the wind speed at the gauge height 564 

(standard height is 2 m) on precipitation days. The corrections were done only for those stations with 565 

wind observations. Unfortunately there are many stations in the US without wind information and this is a 566 

https://www.ncdc.noaa.gov/data-access/quick-links%23ghcn
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challenge to gauge bias corrections.This study uses the updated monthly precipitation, temperature and 567 

wind speed data from Yang et al. (2005) for the selected AK and YK stations. The data periods range 568 

from 7 to 10 years for the stations, but long enough to examine P patterns in these regions.    569 

This study uses the updated (until 2013) monthly precipitation, temperature and wind speed data from 570 

Yang et al. (2005) for the selected AK and YK stations (Table 1). The selected data periods range from 7 571 

to 10 years for the stations that are considered long enough to examine precipitation patterns in these 572 

regions. Missing records affect regional climate data analyses. In this study, a threshold of 0°C of 573 

monthly temperature has been used to determine the cold and warm months for snow and rain. Mixed 574 

precipitation has not been classified separately. The frequency of missing values was calculated when the 575 

bias correction was made in Yang et al., (2005). For any month with less than 20 days (~30%) of 576 

measurements, it is excluded from data analysis. Statistical methods to compare the measured and 577 

corrected monthly and yearly precipitation data across the selected border station pairs is used to analyze 578 

these data. It also carries out regression analysis on monthly precipitation records, and calculates the 579 

cumulative precipitation amounts to derive the Double Mass Curves (DMC) over the study period. The 580 

double mass curve (DMC) is a useful tool to evaluate the consistency of observation records over space 581 

and time (Searcy and Hardison, 1960). Some typical issues of observations that DMC can identify, 582 

include changes in the station location, and instruments or sensors. A reference station is needed for DMC 583 

analyses. In this study, the DMC has been applied without a reference station to mainly detect any shifts 584 

between the observed and corrected precipitation. Through the data analyses and comparisons with other 585 

studies, we document the spatial and temporal variations of bias corrections across the border stations. 586 

We also determine the precipitation gradients across the border, and examine the changes, due to the bias-587 

corrections of the US and Canadian gauge data, in precipitation distributions on both seasonal and yearly 588 

time scales. 589 

 590 
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This study applies statistical methods to compare the measured and corrected monthly and yearly 591 

precipitation data across the border station pairs. It also carries out regression analysis on monthly P 592 

records, and calculates the cumulative P amounts to derive the double mass curves over the study periods.  593 

Through the data analyses and comparisons with other studies, we document the spatial and temporal 594 

variations of bias corrections across the border stations. We also determine the precipitation gradients 595 

across the border, and examine the changes, due to the bias-corrections of the US and Canadian gauge 596 

data, in precipitation distributions on both seasonal and yearly time scales.   597 

598 
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3. Results  599 

Based on the analyses of the measured precipitation (Pm) and corrected precipitation (Pc) data, this section 600 

presents the results on the bias corrections of monthly and yearly precipitation for each stationthe stations, 601 

regression and correlation of monthly precipitationP data between the stations, and cumulative 602 

precipitation via the double mass curves for the warm (monthly temperature > 0ºC) and cold seasons 603 

(monthly temperature < 0ºC). 604 

3.1. Monthly data and corrections 605 

The monthly mean precipitationP and bias corrections are illustrated in Figure 2 for the northern group 606 

during the corresponding observation period (Table 1). In Figure 2, the missing data percentages are also 607 

presented for each month. Barter Island had the lowest percentages of missing data, about 2% as a 608 

maximum monthly mean in December. The mean missing percentages for the Komakuk station was about 609 

5% (in May), with the maximum month in July 1984 (16%). For Shingle Point, the mean missing values 610 

were 11% for both April and May, with the maximum (26%) in April 1979. Given the small percentages 611 

of missing records, its impact is insignificant on monthly mean and yearly precipitation calculations. 612 

Figure 2 shows that annual precipitationP cycle wasis centered on August, with an approximate maximum 613 

PmP around 40 to 8060 mm between August and September. This maximum wasis coincident with the 614 

monthly mean maximum temperature in the area (around 10ºC).  615 

For the Barter Island station in AK, the corrections wereare variable through the months. The monthly 616 

corrections increasedincrease the PmP amount by 3-3134 mm for snow to 4-9 mm for rain. The relative 617 

increases wereare 59-136% for snow and 20-41% for rain, with a monthly mean of 9 mm (or 76%).78%).  618 

The relative changes wereare usually large for months with low PmP and small for months with high 619 

precipitation. In other wordsword, the monthly correction amounts do not always matchedmatch with the 620 

percentage changes, i.e. a small correction in a dry month can have a large percentage change.  621 
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It is important to note that gauge measurements at Barter showedshow the maximum precipitationP in 622 

August and October, but the peak shifted to October due to the corrections; i.e. the mean monthly Pc in 623 

October were 98is 100% (about 32mm70mm) more than the Pm (Figure 2). Closer 624 

examinationExamination of the monthly precipitationP time series for Barter Island (Figure 3) indicated ) 625 

indicates that, for most of the years, October wasis the most significant contributor to the total annual 626 

(2321% for Pm and 2225% for Pc). However, there wereare some years in the study period with the 627 

maximum Pm in other months; for example, the highest Pm in 1982 was in September, as documented by 628 

Yang et al., (1998b). Climate data and analyses showedYang et al. 1998. Climate data and analyses show 629 

the highest wind speed (4.5 m/s) and cold temperature (about -9ºC) for October, indicating higher 630 

undercatch by the US standard gauge for snowfall. On the other hand, the wind speed showedshows the 631 

minimum values in July and August (3.3 m/s), coincident with the highest temperatures (4.6 and 4 ºC) 632 

(Figure 2). Due to the combination of warm temperatures and low wind speeds, the corrections for 633 

summer months wereare the lowest at this station (20-27%).  634 

For the Komakuk Beach station in Yukon, the corrections increasedincrease the precipitation by 0.7-5.5 635 

mm (or 14%-34%) for snow and 1-2.6 mm (4%-10%) for rain, with a total monthly mean change of 2.64 636 

mm (1419%) (Figure 2). The monthly maximum precipitationP was in August, i.e. 48mm47mm and 637 

50mm, respectively, for the Pm and Pc. The monthly minimum precipitationP was in March, i.e. Pm = 4.2 638 

mm and Pc = 5 mm. For this station, theThese extremes remained inremain the same month after the bias 639 

corrections. The wind speed hadhas the minimum value in Aug. (3.1 m/s) and Sept. (3.2 m/s), and max in 640 

Dec. (4.3m/s) and Jan (4.7m/s). The temperatures wereare highest in July (6.9ºC) and Aug. (5.8ºC), and 641 

lowest in Feb and Mar (-25 ºC). Given this climate condition, the corrections wereare lower in the 642 

summer months (mean of 6%) and higher in winter (mean of 23%). 643 

The monthly corrections for the Shingle Point station in Yukon rangedrange from 1-7.63 mm (3%-157%) 644 

for rain to 1-8.211 mm (14%-28%) for snow, with the monthly mean correction of 4.23.5 mm (1416%). 645 
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The month of maximum precipitation was inis Aug., about 73-76 mm (or 20% of the annual total) (Figure 646 

2). The minimum precipitation was inP was in Feb. with 9.2 mm for the measured P; and it shifted to 647 

March with 9.8 mm for Pm; and 11 mm for Pc.the corrected values. The monthly wind speeds wereare 648 

generally higher in winter and lower in summer, with the maximum in Feb. (4 m/s) and minimum in May 649 

(2.7 m/s). The temperatures hadhave a common annual cycle with the maximum in July (11ºC) and the 650 

minimum in Feb. (-24.3ºC). Because of the higher wind speeds and cold temperatures in the cold months, 651 

the corrections wereare greater for the winter season. 652 

It wasis necessary to compare the correction result across the border in order to quantify the effect of 653 

biases in gauge observations on precipitation analyses, such as precipitationP distribution and seasonal 654 

patterns. The mean snowfall corrections wereare about 96100% for Barter Island in AlaskaAK and 655 

around 22% for both Shingle Point and Komakuk stations in Yukon; while the rainfall corrections 656 

wereare approximately 32% for Barter and 76% for the two Yukon stations. Bias corrections also 657 

demonstrateddemonstrate a clear shift in the maximum precipitationmax P timing for the Barter Island, 658 

but no change for the Yukon stations. This remarkable contrast across the border wasis caused mainly by 659 

the difference in gauge types and their catch efficiency. Many experimental studies have shown that the 660 

Canadian Nipher snow gauge catches more snowfall relative to the US gauge (Goodison et al., 1998; 661 

Yang et al., 1998b). For instance, the mean catch ratios for snowfall wereare about 40% and 85% for 4 662 

m/s wind speed, respectively, for the NWS 8-in unshielded and Nipher gauges (Figure 4) (Yang et al., 663 

1998b).(Yang et al. 1998, Figure 4). 664 

For the central group, the maximum and minimum Pm wereis in July and March for the Eagle station 665 

(Figure 5). The corrections did not modify the timings of maximum and minimum amounts; they 666 

remained inP; July for the maximum (Pm=67 mm and Pc =70 mm), and in March for the minimum (Pm=3 667 

mm and Pc == 4 mm) precipitation.). The correction increasedincreases the precipitation by 0.6-1.8 mm 668 

(8%-22%) for snow and 1-3 mm (5%-10%) for rain, with a monthly mean correction of 1.7 mm (12%). 669 
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The annual temperature cycle for Eagle showedshows warmer temperatures relative tothan in the northern 670 

station, with the maximum ofaround 16.2°C andwith temperatures above 0°C duringfrom April to mid-671 

October. Eagle had lowerhas variable wind speeds around 1 m/s (Figure 5).  672 

For Dawson station, precipitation wasis more homogeneous throughout months; varying from 10 mm to 673 

50 mm in October and June, respectively. Another relative maximum occurs in January with Pm =38 mm 674 

(Figure 5). The precipitation correction wasis small and fluctuatedfluctuates from 0.3 to 1 mm (or 2%-675 

4%) for snow and 0.4-1.3 mm (3%-4%) for rain. This small correction wasis due to the lower undercatch 676 

correction for the Nipher gauge, besides the warmer temperatures and lighter winds. The temperature 677 

annual amplitude wasis between 16°C in July and -25°C in January, with April to September 678 

temperatures above 0°C from April to September.. Wind speeds showedshow a clear annual cycle with 679 

the maximum in May (of 1.6 m/s), and lighter winds in winter months, with thea minimum of 0.4 m/s in 680 

January (0.4 m/s)..   681 

The temperature and wind conditions wereare similar between the Eagle and Dawson stationsregions, 682 

with the mean temperature around 1°C and wind speed of 1m/s. The missing data percentages were also 683 

similar for Eagle and Dawson stations; less than 3% for most months, with the maximum of 10% in May 684 

2006 for Eagle and 20% in September 2009 for Dawson. The But the bias corrections wereare quite 685 

different, with the mean corrections of 1615% for snow and 76% for rain at Eagle, and about 2 % and 3% 686 

for both rain and snow at Dawson. Overall, theThe Eagle correction wasis four times greater at Eagle than 687 

that atfor Dawson. This discrepancy reflects again the catch difference between the US and Canadian 688 

standard gauges.  689 

In order to understand the effect of precipitationP bias corrections on regional climate around the AK-YK 690 

border, it wasis useful to examine and compare the temperature and precipitation features between the 691 

northern and central regions. The monthly mean temperature threshold of 0°C diddoes not occur exactly 692 

at the same time among the 2 groups; the warm months (above 0°C) wereare between June and 693 
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September in the north group and between April and September in the central group. Although both 694 

regions hadhave similar mean minimum temperatures, around -24°C and -27°C, the maximum 695 

temperature was considerably loweris lowers in the north part, with the average of 8°C in the north group 696 

vs. 16°C for the central region. AdditionallyBesides, the monthly mean wind speed wasis higher for the 697 

northern region, 4 m/s vs. 1 m/s.  Therefore, because of the colder temperatures and higher winds in the 698 

northern region, the bias corrections wereare higher in the north relative to the central region. 699 

3.2. Yearly data and corrections  700 

The Figure 6 shows the annual Pm and Pc time series for 11 years during 1978-1988 in the northern group 701 

is presented in Figure 6. There was almost no missing data for the whole period, except 3% for 1978.. At 702 

the Barter Island station in Alaska, the yearly Pm rangedranges from 114 mm to 211 mm, with the long-703 

term mean of 155157 mm. The mean annual corrections ranged fromare about 67 to -138 mm, with a 704 

long-term mean of 101 mm (or 65%).%. The Pccorrected P records variedvary from 181mm to 343 mm. 705 

The maximum precipitation was in 1985 for both Pm and Pc (211 mm and 343 mm, respectively). The 706 

minimum precipitation was in 1983 for the Pm and Pc (114 mm and 181 mm, respectively).  707 

For Komakuk Beach station in Yukon, the Pm rangedranges from 103 mm103mm to 306 mm, with the 708 

missing data between 0 and to 7% among the years. The bias corrections increasedincrease the 709 

precipitation by 13 mm13mm to 45 mm45mm (or 8-19%). The long-term mean wasis about 194197 mm 710 

for Pm and 220223 mm with the corrections. The maximum precipitation occurred P was in 1981, 306 711 

mm and 347 mm, respectively, for Pm and Pc, respectively.. The minimum precipitationP was in 1988 for 712 

both the Pm and Pc, 103 mm and 123 mm, respectively.  713 

For Shingle Point station in Yukon, yearly Pm variedvaries from 126 mm127mm to 551566 mm and, the 714 

Pc ranges from 138 to 638corrections are 139-88 mm. The mean annual total precipitation wasis about 715 

302306 mm for Pmthe gauge data and 341345 mm after the corrections (change of 1312%). The high and 716 
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low extreme years were 1981 (Pm =551=566 mm, Pc = 638654 mm), and 1988 (Pm =126 mm, Pc =138 717 

mm). Shingle station had missing data from 2% in 1983 to 10% in 1979.=127mm, Pc=139 mm) 718 

Figure 7 displays the mean annual precipitation in cold and warm seasons for the northern group. The 719 

According to the gauge measurements showed, the mean annual valuesP in this region fluctuates from 720 

155114 mm at Barter Island, 194 mm, 103mm at Komakuk to 302566 mm at Shingle Point, i.e.. The 721 

gauge data suggest a strong precipitation increasedP increase from the west to the east, particularly 722 

between Komakuk Beach and Shingle Point. However, the corrected data (Pc) showedshow a different 723 

pattern (Figure 7), i.e. higher precipitationP at Barter than Komakuk, so the gradient across the border 724 

changed the sign and magnitude. This change wasis caused mainly by the high correctioncorrections at 725 

the Barter station, particularly for snowfall data during the cold months (Fig. 2)..  726 

For the central group, the annual results are shown for 8 years (2006-2013) in Figure 8. The Pm ranged 727 

from 66 to 391 mm at the Eagle, and the bias corrections were 5-27 mm, correspondingly, which on 728 

average increase the total precipitation by 7%. While at Dawson, the Pm ranged from 158 to 333 mm, and 729 

the adjustments were from 4 mm to 10 mm, with an average increase in yearly precipitation by 3%. The 730 

gauge data showed a slight increase (12 mm) of mean precipitation from west to the east, i.e. slightly 731 

higher P in Yukon relative to Alaska. This result is consistent with other studies (Simpson et al., 2002, 732 

2005). The corrected data, on the other hand, suggest a smaller gradient (1 mm) across the border (Figure 733 

9). This change was mainly due to the higher corrections for the US 8-inch gauge at Eagle.  734 

For the central group, the results are shown for 8 years (2006-2013) in (Figure 8). The annual Pm ranges 735 

from 100 to 400 mm at the Eagle, and the corrections are 7-27 mm, or 6-9%, which on average increase 736 

the total precipitation by 7%. While at Dawson, the measured P ranges from 158 to 353 mm, and 737 

adjustments are 4mm to 11 mm, with an average increase in yearly precipitation by 3%. The gauge data 738 

show a slight increase (22mm) of mean P from west to the east, but the corrected data suggest a smaller 739 
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gradient (11mm) across the border. This change is mainly due to the higher corrections for the US 8-inch 740 

gauge at Eagle (Figure 9). 741 

Similar to the monthly results, the northern stations exhibitedexhibit higher yearly corrections for 742 

snowfall and rainfall measurements relative to the central group. This wasis because of higher winds in 743 

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 744 

group. This windy and snowy environment in the north producedproduce higher wind-loss for the 745 

snowfall measurements by the gauges, which wasis the largest errors in precipitation records in the high 746 

latitudes (Benning and Yang, 2005; Yang and Ohata, 2001; Yang et al., 1998b).(Benning and Yang, 747 

2005; Yang and Ohata, 2001; Yang et al., 1998b). It is important to note that gauge measured and bias 748 

corrected data showedshow different pattern in seasonal and yearly precipitationP in the northern region. 749 

In other words, bias corrections of gauge measurements alter the precipitationP gradient in the northern 750 

areas; this change wasis mainly due to the difference in the catch efficiency between the US and Canadian 751 

standard gauges. The corrections for the US gauge snow measurements wereare much higher than the 752 

Canadian gauge, particularly in the cold and windy coastal regions. 753 

3.3. Regression analysis of monthly data  754 

The scatter plots of corresponding monthly precipitation for the two stations across the border and 755 

between the two2 Yukon stations in Canada are illustrated in Figure 10. For the cold season (Figure 756 

10.A), the gauge data showedshow more snowfall at BarterBartter for most years. Regression analysis 757 

suggestedsuggests a weak relationship, with R2=0.34. The corrected data showedshow a similar 758 

relationship, but a shift in the regression line, indicating a greater precipitationP difference over the cold 759 

season across the border. For the warm season (Figure 10.B), the gauge data showedshow higher 760 

precipitationP at the Komakuk station, and the regression suggestedsuggests a much stronger relationship. 761 

The corrected data revealedPc reveals a closer relationship between these two stations, 762 

proposingsuggesting a smaller gradient for the warm months. 763 
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The scatter plot between the two stations in the Yukon Territory showedshow higher precipitationP at 764 

Shingle point for both cold and warm seasons. It also gavegives another point of view about the effect of 765 

the correction in this area. Relative to the cold months (Figure 10.C), the corrections wereare smaller for 766 

the warm months (Figure 10.D), and there is a better correlation improved (R2=0.72-0.76).75).  However, 767 

the relationship did notdoesn’t change much in both cases between the measured and corrected data. This 768 

wasis because very small amount of corrections fordue to the lower wind conditionswinds and higher 769 

catch efficiency of the Canadian Nipher gauge.  770 

For the central group, the scatter plot between Eagle and Dawson stations illustratedillustrates a clear 771 

difference in precipitation amount for the cold and warm months (Figure 10.E-F). The cold months 772 

showedshow more precipitationP at Dawson, particularly for the wettest events, while Eagle diddoes not 773 

show any comparable amount. The correlation wasis weak, and insignificant (R2 =0.13). The shift in the 774 

fit line between measured and corrected data wasis also very small. The warm months showedshow low 775 

precipitation at Dawson; a different pattern from the cold months. The regression wasis better, R2 776 

=0.5958, with a smaller shift due to the corrections.  777 

Overall, we obtainedobtain consistent results among the Alaska and Yukon stations. The correlations 778 

wereare higher in warm months (R2 = 0.58 to 0.7675) and lower for the cold season (R2 between 0.13 and 779 

0.52). This result may suggest that the rainfall wasis more homogeneous over the regions in summer, and 780 

greater difficulty and errors in snowfall measurements during the cold months.  781 

3.4. Cumulative precipitation via double mass curves (DMC) 782 

The DMC plot for Barter Island and Komakuk Beach showedshows more Pm at Komakuk than Barter 783 

(Figure 11.A). The bias corrections ledlead to a shift of the relationship with a significant increase in the 784 

total precipitationP amount at BarterBartter. Relatively, the total cumulative precipitation for Barter 785 

Island increasedincreases by 65% after the correction and by 1413% at Komakuk. The difference between 786 

the two stations at the last cumulative point (December 1988) is 426440 mm for Pm, and 393380 mm for 787 
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Pc. This shift representedrepresents a modification in the precipitation difference between these stations, 788 

i.e. a change in the gradient’s direction (Figure 7). 789 

The comparison of cumulative precipitation values between Shingle Point and Komakuk, both in Yukon, 790 

is illustrated in Figure 11.B. Shingle Point showedshows more cumulative precipitation at the end of the 791 

period (Pm=33223348 mm vs. Pm=21152144 mm for Komakuk). Although the relationship wasis more 792 

homogeneous between these stations, there wasis a break in the records around 13001000 mm for 793 

Komakuk, maybe associated with changes in instruments or sensors. Examination of the station history 794 

and information revealed an anemometer issue around the critical time that was fixed by August 1980. 795 

This may affect wind data and thus the corrected precipitation values. Both stations showedhave increases 796 

in total cumulative precipitation by 13%.P by 3%, i.e. a change in precipitation difference from 1204 mm 797 

to 1352 mm between Shingle and Komakuk over the study period (2006-2013). 798 

The central stations showedshow a greater amount of Pm in Dawson (20652202 mm) than in Eagle 799 

(19732027 mm) over the study period. Bias corrections changedchange the total precipitationP by 37% 800 

and 73% for Eagle and Dawson and Eagle, respectively,  resulting in a shift in the DMC (Figure 11.C), 801 

particularly for the last period of time, to 21232265 mm in Dawson and to 21162173 mm in Eagle. This 802 

shift also representedrepresents a slightly smaller precipitation difference between the two stations. 803 

DuringEagle and Dawson. In the 8 years, the cumulative difference decreasedgoes from 175 mm to 92 804 

mm to 7.3 mm.over the study period.   805 

In summary, the DMC for measured and corrected precipitation showedshow that the main change wasis 806 

due to the difference in their corrections (Figure 11); the north stations showedshow a greater change 807 

compared with the central group. The Pc showedshows in all the cases a smaller precipitation difference 808 

between the two countries. This smaller difference ledleads to a decrease in the precipitationP gradient 809 

across the border. This result implies that existing precipitation climate maps and information derived 810 
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from gauge measurement without bias corrections may over-estimate the precipitationP gradient in these 811 

regions. This overestimation will affect regional climate and hydrology analyses. 812 

 813 

4. Summary and Discussiondiscussion 814 

This study documents and quantifies the inconsistency in precipitation measurements in the northern and 815 

central regions of Alaska/Yukon, with a focus on the station pairs across US-Canada border.  The 816 

monthly bias corrections show largea significant amount of errors in the gauge records due to the windy 817 

and cold environment in the northern areas of Alaska and Yukon. The corrections for gauge undercatch 818 

increase the snowfall by 136135% in January for the Barter Island station in Alaska. For the Yukon 819 

stations, the increase is about 3134% in January and 4% in July.. These represent an annual mean loss of 820 

8193 mm (101100%) in snowfall and 2025mm (30%) mm (29%) of rain at Barter, while at Shingle Point 821 

and Komakuk Beach in Yukon the corrections are, on average, about 2531 mm (21%) for snow and 87.5 822 

mm (6%) for rain. For Eagle (AK) and Dawson (YK) stations in the central region, the bias corrections 823 

are small. The monthlyannual corrections range from 2%3%-16% for snow, to 22% in winter and from 824 

3% to 10% on summer months3-7 % for rain, much smaller than those for the northern region.  825 

On the annual scale, the Barter Island station in AK shows a yearly mean correction around 65%, five 826 

times greater than the correction at Shingle Point and Komakuk Beach (1312% and 14%) in Canada. In 827 

the central region, Eagle station shows an increase by 7%, meanwhile for Dawson the increase is only 828 

3%. Thus, the bias correction is twice for Alaska compared to the Yukon stations. Relative to the northern 829 

region, these corrections are small mainly due to warmerwarm temperatures and lowerlow winds in the 830 

central region. These results clearly demonstrate that bias corrections may affect the spatial distribution of 831 

precipitation across the border.  832 

Regression analyses of the monthly P data show small changes in the relationship due to the bias 833 

corrections. The most evident change in the regression is between Barter Island and Komakuk Beach for 834 



29 
 

both warm and cold seasons. The rest of the scatter plots, for the Komakuk Beach-Shingle Point and 835 

Eagle-Dawson, do not show any appreciable change as the result of the bias corrections. There is a 836 

stronger precipitationP correlation for the warm months (mainly rainfall) than for the cold month (mainly 837 

snowfall) for all the station pairs. The cold months seem to have a greater precipitationP variability across 838 

the regions.  839 

The double mass curve analyses demonstrate a significant change in the precipitationP accumulation and 840 

difference between the two stations across the AK-YK border for the northern region, little changes for 841 

the two stations in Yukon, and a smaller change in the central group. These changes, caused by gauge 842 

catch efficiency, alters the precipitationP difference, resulting in a smaller and inverted precipitation 843 

gradient across the border in the northern region. The double mass curve (DMC) is a useful tool to 844 

evaluate the consistency of observation records over space and time (Searcy and Hardison, 1960).It is 845 

very clear from this study that the significant inconsistency exists in the precipitation measurements 846 

across the border. This inconsistency is much greater for snowfall than for rain, as gauge snowfall 847 

observation has large errors in the windy and cold conditions. This discrepancy should be taken into 848 

account when using the P data across the national borders for regional climate and hydrology 849 

investigations. 850 

The double mass curve (DMC) is a useful tool to evaluate the consistency of observation records over 851 

space and time (Searcy and Hardison Clayton, 1960). Some typical issues of observations that DMC can 852 

identify include changes in the station locations, and instruments or sensors. Although in this work the 853 

DMC has not been constructed against a reference station, the results clearly show some breaks on the 854 

slope and gaps in the curves, indicating changes in precipitationP relationship across the border that could 855 

be caused by any of the two stations. This information provides the timing when significant changes 856 

occurred in the precipitationP regime. Detail metadataMetadata and information for the stations/networks 857 

are necessary to understand the changes in precipitationP observations and to improve the 858 

homogenization of the precipitation records over the high latitudes. 859 
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This study shows similar monthly Pm across the north border region and higher Pm in Yukon than Alaska 860 

over the central region. This result is similar to other studies (Serreze and Hurst, 2000; Simpson et al., 861 

2005). After the bias corrections, precipitation patterns across the border changed, i.e. higher precipitation 862 

in Barter than Komakuk, in other words, an inverted gradient across the borderline. Over the central 863 

region, the measured mean annual precipitation is slightly higher in Yukon than Alaska, which is also 864 

consistent with Simpson et al., (2002) and (2005). Our results suggest that the gradient between the 865 

central pair of stations becomes smaller after the bias correction. This discrepancy should be taken into 866 

account when using the precipitation data across the national borders for regional climate and hydrology 867 

investigations. 868 

Missing data may affect regional precipitation analyses. In this study, we calculated the missing data 869 

percentages for all stations during the corresponding study periods, and set up a threshold of 30% to 870 

exclude those months with higher missing values from monthly precipitation calculations. We compared 871 

the precipitation amounts with and without the application of the threshold. The results do not show any 872 

significant changes in the differences of gauge measured annual mean precipitation across the border, 873 

although this filter affected annual precipitation in certain years. For instance, the northern station pair 874 

(Barter and Komakuk stations) has missing value of 32% on July 1987. Calculations of yearly 875 

precipitation for 1987 with and without this month show 16% and 10% difference at Komakuk and Barter 876 

Island stations, respectively. Over the study period of 11 years, the annual mean bias correction 877 

percentages remain the same (65% in Barter and 13% in Komakuk) with or without the missing months. 878 

The mean annual decrease in bias correction amounts after the consideration of missing data is about 1-879 

3% in the northern region. This analysis suggests that the effect of missing data for our study is not 880 

significant, particularly with the application of 30% missing threshold.  More efforts are needed to further 881 

examine the issues of missing records in climate analyses.    882 

Classification of precipitationP types is the first step for the bias corrections of gauge records. It is also 883 

important for climate change analyses over the cold regions. Leeper et al., (2015),Leeper et al (2015), in 884 
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comparison of US CRN with the CO-OP station network precipitation measurements, averaged the 885 

USCRN hourly temperatures data during precipitationP periods into an event mean and used it to group 886 

precipitationP events into warm (mean temperature > 5C), near-freezing (mean temperature between 0C 887 

and 5C), and freezing (mean temperature  < 0C) conditions. Yang et al., (2005)Yang et al. (2005) used the 888 

daily mean air temperature to estimate precipitation types (snow, mixed, and rain) when this information 889 

is not available for the northern regions. In this study, monthly mean temperatures have been used to 890 

determine the warm monthsseason (mainly for rain) and cold months (mainly for snow). Mixed 891 

precipitation has not been classified separately. This approach is reasonable for our analysis to focus on 892 

the inconsistency in the monthly and yearly PmP records across the border. Data collections and analyses 893 

on shorter timescales, such as daily or hourly steps, are expected to produce better results, since 894 

temperatures vary throughout the days in a month, particularly in the spring and fall seasons.  Automatic 895 

sensors will also be important to decide precipitation types at the operational and research networks. 896 

The bias-corrected precipitation dataset developed by Yang et al., (2005) has been used for this analysis. 897 

The corrections have been done systematically on a daily time scale that affects the daily Pm time series. 898 

This analysis focuses on the results of monthly and yearly precipitation data and quantifies the changes in 899 

precipitation pattern across the AK-YK border. Careful analyses of available daily measured Pm and 900 

corrected Pc data are necessary, since in the northern regions with low precipitation in winter, the bias 901 

corrections can easily increase the daily Pm by a factor of up to 4-5 (Benning and Yang, 2005; Kane and 902 

Stuefer, 2015; Yang et al., 1998b, 2005). This means that extreme precipitation events have been very 903 

likely and seriously underestimated by using the gauge records without any bias corrections. The 904 

consequence is certainly significant for climate regime and change investigations. To fill this knowledge 905 

gap, our efforts are underway to examine the daily corrections, particularly on the windy and heavy 906 

precipitation days, and to document the possible underestimation of precipitation extremes over the large 907 

northern regions.  908 
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AutomationThe bias-corrected P dataset developed by Yang et al. (2005) has been used for this analysis. 909 

The corrections have been done systematically on a daily time scale that affects the daily P time series. 910 

This analysis focuses on the results of monthly and yearly P data and quantifies the changes in P pattern 911 

across the AK-YK border. Careful analyses of available daily measured and corrected P data are 912 

necessary, since in the northern regions with low P in winter, the bias corrections can easily increase the 913 

daily P by a factor of up to 4-5 (Yang et al., 1998; Benning and Yang, 2005; Yang et al., 2005). This 914 

means that extreme P events have been very likely and seriously underestimated by using the gauge 915 

records without any bias corrections. The consequence is certainly significant for climate regime and 916 

change investigations. To fill this important knowledge gap, our efforts are underway to examine the 917 

daily corrections, particularly on the heavy and windy P days, and to document the possible 918 

underestimation of P extremes over the large northern regions. 919 

Finally, automation of the meteorological observation networks and instruments has been a trend over the 920 

past fewseveral decades around the world, including both the developed and developing nations. There is 921 

a large variety of automatic gauges currently used for precipitation measurements at the national networks 922 

(Nitu and Wong, 2010). These gauges differ in the measuring system, orifice area, capacity, sensitivity, 923 

and configuration. The variation in automatic gauges is much greater relative to the manual standard 924 

gauges (Goodison et al., 1998; Sevruk and Klemm, 1989)(Goodison et al., 1998; Sevruk and Klemm, 925 

1989). As demonstrated by (Yang et al., 2001)Yang et al. (2001) and this study, the use of different 926 

instruments and configurations significantly affect the accuracy and consistency of regional precipitation 927 

data. Fortunately, the Geonor gauge has recently been chosen and used at both the US Climate Reference 928 

Network (USCRN) and the Surface Weather and Climate Network (SWCN) in Canada. This may reduce 929 

the inconsistency in precipitationP measurements across US and Canada borders, although the double and 930 

single Alter wind shields have been installed with the Geonor gauges in US and Canada, respectively.  931 

Finally, it is important to emphasize that automatic gauges also significantly under catch snowfall (Wolff 932 

et al., 2015) and bias corrections are necessary in order to obtain reliable precipitation data for the cold 933 
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regions and seasons. The WMO SPICE project aims to examine the performance of automatic gauges and 934 

instruments for snowfall observations in various climate conditions. It has tested many different automatic 935 

gauges, including the Geonor gauge, at more than 20 field sites around the globe (Nitu et al., 2012; 936 

Rasmussen et al., 2012; Wolff et al., 2015). The results of this project will be very useful to improve 937 

precipitation data quality and regional climate analyses, including the border regions between US and 938 

Canada. 939 

It is however important to emphasize that automatic gauges also significantly under catch snowfall (Wolff 940 

et al., 2015) and the bias corrections are necessary in order to obtain reliable P data for the cold regions 941 

and seasons. The WMO SPICE project aims to examine the performance of automatic gauges and 942 

instruments for snowfall observations in various climate conditions. It has tested many different automatic 943 

gauges, including the Geonor gauge, at more than 20 field sites around the globe (Nitu et al., 2012; 944 

Rasmussen et al., 2012; Wolff et al., 2015). The results of this project will be very useful to improve P 945 

data quality and regional climate analyses, including the border regions between US and Canada 946 

947 
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Table 1: Station information and climate summary  1037 
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 1042 

Figure 1: Study areas and locations of selected climate stations, and photosPhotos of the national standard gauges, NWS 8 in gauge (left) and the Nipher 1043 

snow gauge (right), respectively, for USA and Canada. .. 1044 
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 1047 

Figure 2: Monthly mean precipitation at 3 stations during 1977 - 1988 (upper panels) and corresponding monthly mean wind speed and air temperature 1048 

(bottom panels). Shadows represent the 95% confidence interval for the temperature and wind speed. The percentages above the bars represent the 1049 

missing data for the corresponding time step. The bold percentage is the monthly mean and the one in the parenthesis is the maximum missing value in 1050 

the study period. 1051 

1052 
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 1055 

Figure 3: Monthly precipitation records at the Barter station during 1978-1988. The months with more than 50 mm (black line) are labeled. 1056 

1057 
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 1060 

Figure 4: Comparison of the catch ratio of snowfall as a function of wind speed at gauge height for the Alter-shielded or unshielded NWS 8-inc standard 1061 

gauge and the Canadian Nipher snow gauge. DFIR is the Double Fence Intercomparison Reference (Yang et al. 1998) 1062 

1063 
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 1064 

Figure 5: Monthly mean precipitation at 2 stations during 2006 - 2013 (upper panels) and corresponding monthly mean wind speed and air temperature 1065 

(bottom panels). Shadows represent the 95% confidence interval for the temperature and wind speed. The percentages above the bars represent the 1066 

missing data for the corresponding time step. The bold percentage is the monthly mean and the one in the parenthesis is the maximum missing value   in 1067 

the study period. 1068 
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 1069 

Figure 6: Annual precipitations during 1978-1988 for the 3 stations in the northern group across the 1070 

border. The percentages above the bars represent the missing data for the corresponding year.1071 
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 1074 

 1075 

Figure 7: Mean Annual (1978-1988) measured and corrected precipitation for cold (T<0°C) and warm 1076 

(T>0°C) months. The percentages are the changes from measured to corrected precipitation.  The 1077 

approximate horizontal distance between the stations is displayed at the bottom. 1078 

1079 
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 1080 
Figure 8: Annual precipitations during 2006-2013 for two stations in the central part of the AK/YK 1081 

border. The percentages above the bars represent the missing data for the corresponding year. 1082 

1083 
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 1086 

Figure 9: Mean Annual (2006-2013) measured and corrected precipitation for cold (T<0°C) and warm 1087 

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

approximate horizontal distance between the stations is displayed at the bottom. 1089 

1090 
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 1091 

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

color shows warm months and the blue represents the cold months. A and B - Barter and Komakuk 1093 

comparison across the border, the highest corrected values for Barter (AK) are labeled with the date to 1094 

compare with Figure 4. C and D - Komakuk and Shingle Point comparison within Canada. E and F- Eagle 1095 

vs . Dawson across the border for the central group. 1096 
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 1097 

Figure 11: Double mass curves between station pairs. The red color shows the warm months and blue 1098 

represents the cold months. The top and the central plots compare the stations for the northern group and 1099 

the bottom one is the central station comparison across the border. 1100 
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