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Abstract

Seven hydro-meteorological stations in the National Petroleum Reserve Alaska were 

analyzed to look at precipitation, discharge, and temperature trends. These hydro-meteorological 

stations included: Fish Creek, Judy Creek, Ikpikpuk, Ublutuoch, Seabee, Prince, and Otuk. A 

linear regression was performed on a year-by-year basis to fill in data gaps in the temperature 

time series, for all six stations with temperature data. The Seasonal Mann-Kendall test and a 

Modified Seasonal Mann-Kendall test were performed to determine if a trend appeared present 

in the time series and, if so, how significant the trend was. The Sen's slope analysis was then 

utilized to determine the magnitude of the trend, if a trend was observed in both analyses. The 

temperature trends showed an increasing trend in the temperature data for four stations: Judy 

Creek, Ublutuoch, Fish Creek, and Ikpikpuk. No trend was shown in the remaining station, Otuk 

station. One station, Prince, was removed from analysis due to a high percentage of missing data. 

The Modified Seasonal Mann-Kendall tests showed a trend in four of the five stations, and a 

slight positive trend in one of the five stations. The precipitation data showed ‘no trend' in the 

Seasonal Mann-Kendall analysis. The Modified Seasonal Mann-Kendall test showed a slight 

trend (Fish Creek), a moderate trend (Otuk), and no trend (Ikpikpuk) for the precipitation data. 

Using the seasonal Mann-Kendall analysis the discharge data showed no trend in five out of 

seven stations and two trends (Fish Creek and Seabee). The Modified Seasonal-Mann-Kendall 

analysis showed and a significant trend twice (Fish Creek and Seabee), a moderate trend three 

times (Ikpikpuk, Prince, Otuk), a slight trend once (Ublutuoch), and no trend one time (Judy 

Creek) in the discharge data.
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Chapter 1: Introduction and Literature Review

1.1 Arctic Climate Change

Climate change has become an increasing area of study, with scientists around the globe 

seeking to understand the effects of global climate change. The average global temperature has 

risen by 0.74°C in the past century; however, this temperature increase has not been uniform 

around the globe.(IPCC & Press, 2007). Instead the temperature increase was variable, 

depending upon location and region (IPCC & Press, 2007). Research has shown the land warms 

faster than the ocean (Nohara, Kitoh, Hosaka, & Oki, 2006), with the land warming trend greater 

in higher latitudes when compared to more equatorial latitudes (Nohara et al., 2006). Higher 

temperatures have an effect on the earth's cryosphere from the phase of precipitation to the depth 

of the active layer (Walsh et al., 2005). The depth of the active layer impacts surface storage, 

river runoff, and glacial mass balance (Walsh et al., 2005).

Climate change also effects the earth's hydrology. Climate change has been shown to 

have an effect on the available water resources in an area (Bergstrom et al., 2001), which 

introduces uncertainty in predictions of river run off and precipitation, and complicates 

hydrologist's ability to anticipate droughts and flooding. River ice has a large influence on the 

timing and magnitude of potentially important events such as low flow, flooding, and earlier 

break-up seasons (Bergstrom et al., 2001; Walsh et al., 2005). Also, anticipating shifts in water 

resources is essential for maintaining the electrical grid when hydropower is the main source of 

energy.

Arctic amplification is the assumption that climate change variability tends to be larger in 

the Arctic latitudes than the mid to equatorial latitudes. The past several decades have seen large 

advances in the study of Arctic climate change (Serreze & Barry, 2011). These advances in the 
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study of Arctic climate change have shown the variability in Arctic temperature to exceed the 

variability in temperature of the northern hemisphere and the entire globe (Serreze & Barry, 

2011). Arctic amplification has recently been recognized as an inherent characteristic of the 

global climate system (Serreze & Barry, 2011). This recognition has only come about in the past 

decade and has allowed researchers to dive further into the causes of Arctic amplification and its 

effects on global climate change. One of the major themes of Arctic amplification is the regional 

temperature increase seen in the Arctic is greater compared to the rest of the globe.

1.2 Studies in Temperature Change

Climate change studies have focused on a variety of variables, including temperature. 

Temperature change is not uniform across the entire globe, so scientists seek to understand how 

temperature is changing on a variety of levels: continental (Arora, Goel, & Singh, 2009), country 

(del Río, Herrero, Pinto-Gomes, & Penas, 2011; Gavrilov et al., 2018; Gocic & Trajkovic, 2013; 

Tabari, Somee, & Zadeh, 2011), and regional (Bauret & Stuefer, 2013; Gavrilov et al., 2016; 

Mishra, Khare, Shukla, & Kumar, 2014; Rauf, Rafi, Ali, & Muhammad, 2016). Microclimates 

make studying temperature change increasingly complex.

The temperature studies reviewed herein use varying length of data records, ranging from 

100 years (Mishra et al., 2014) down to 29 years (Rauf et al., 2016) of data. The average study 

reviewed had a temperature record beginning in the mid-1940's and lasting through the mid- 

2000's to mid 2010's. Many studies broke down the temperature record into two different record 

lengths (Gavrilov et al., 2018, 2016). For instance, in Vojvodina, Serbia, temperature data 

collected from 1949-2013 was analyzed in two distinct periods, 1949-2013 and 1979-2013 

(Gavrilov et al., 2016). In Kosovo, the temperature trend analysis utilized the data from four 

meteorological stations from 1949-1999 and the data from six meteorological stations from
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1965-1999 (Gavrilov et al., 2018). Breaking down the temperature length further refines where 

the trends are located in the temperature record.

Several studies broke up the temperature record to look for trends on different time 

scales, rather than analyzing trends solely on the annual time scale. In Spain, the study sought to 

observe temperature trends on the monthly, seasonal, and annual time scales (del Río et al., 

2011). Many of the studies performed in areas affected by monsoon seasons looked at the annual 

temperature record and then the four seasons: winter (December-February), pre-monsoon 

(March-May), monsoon (June-August), and post-monsoon (September- October) (Arora et al., 

2009; Rauf et al., 2016). Some studies broke down the seasons into the following: winter 

(December, January, and February), spring (March, April, and May) summer (June, July, and 

August) and autumn (September, October, and November), to observe trends on the seasonal and 

annual timescales (del Río et al., 2011; Gocic & Trajkovic, 2013). Other studies concentrated on 

annual temperature trends (Gavrilov et al., 2018; Tabari et al., 2011). A study in the Upper 

Ganga Canal looked at annual temperature trends for the whole record year (1901-2002), the pre

urbanization (1902-1951), and the post-urbanization (1961-2002) in order to further pinpoint 

temperature trend changes (Mishra et al., 2014). Much like the Upper Ganga Canal study, a 

Vojvodina, Serbia study analyzed the annual temperature of two distinct data sets: 1949-2013 

and 1979-2013 (Gavrilov et al., 2016). A Kenai study broke up the analysis into different year 

lengths, 20-, 30-, 40-, and 50-years (Bauret & Stuefer, 2013).

The number of weather stations utilized in each study varied along with the area covered 

by each weather station. A Spanish study was by far the most comprehensive study consisting of 

473 meteorological station across the entirety of Spain (del Río et al., 2011). A study covering 

the whole of India collected data from 125 stations (Arora et al., 2009). An Iranian study 
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collected data from 13 stations (Tabari et al., 2011). A Serbian study utilized 12 meteorological 

stations (Gocic & Trajkovic, 2013). A Kenai study analyzed 11 meteorological stations 

throughout the Kenai peninsula (Bauret & Stuefer, 2013). A Vojvodina, Serbia study used nine 

meteorological stations (Gavrilov et al., 2016). A Kosovo had ten meteorological stations 

available for the temperature study (Gavrilov et al., 2018). A Pakistani station had five 

meteorological stations, one for each sub basin in the study (Rauf et al., 2016). The coverage 

area for each station in each study was study dependent.

Missing data are always an issue with data collection via data loggers. Some of the 

studies reviewed highlighted how the study accounted for missing data while other studies did 

not mention missing data (Arora et al., 2009; Mishra et al., 2014; Tabari et al., 2011). In a 

Vojvodina, Serbian study, the data series was complete for five of the nine stations used 

(Gavrilov et al., 2016). The remaining four stations had 0.05% to 1.57% of data points missing 

from the raw data (Gavrilov et al., 2016). These raw data points were approximated using the 

Multiple Analysis of Series for Homogenization (MASH) method in accordance with the 

CarpatClim Project (Gavrilov et al., 2016). A Spanish study allowed for 3% of the data points to 

be missing and rejected five stations that did not meet the data threshold (del Río et al., 2011). 

The Mann-Kendall test has the ability to cope with missing data points, which is why some 

studies may have neglected to mention how missing data were dealt with. The relevant limitation 

of the Mann-Kendall test is that the data must not be serially correlated (Hirsch & Slack, 1984).

The reviewed studies handled serial correlation in a variety of ways. Some studies used a 

lag-1 serial correlation and removed the detected serial correlation via the pre-whiten method 

(Gocic & Trajkovic, 2013). Other studies opted to assume serial correlation and pre-whiten the 

data before running the Mann Kendall test (Mishra et al., 2014; Tabari et al., 2011).
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Many studies opted to use the linear trend test as a supplemental to the Mann-Kendall 

trend test (Gavrilov et al., 2018, 2016). The linear trend test calculates a slope intercept equation 

using the formula:

y = mx + b (1)

where: ‘y' is the temperature; ‘m' is the slope; ‘x' in the time in years; and ‘b' is the temperature 

at the beginning of the record. An increasing slope indicates a positive trend, a negative slope 

indicates a negative trend, and no slope indicates the lack of a trend.

The Mann-Kendall test is a widely used, robust test utilized to detect environmental 

trends. In the Mann-Kendall test, two hypotheses are tested: the null hypothesis, H0, there is ‘no 

trend' in the time series; and the alternative hypothesis, Ha, there is a trend in the data at a 

specific significance level. Many studies utilized the Mann-Kendall test when looking for trends 

in temperature data (Arora et al., 2009; del Río et al., 2011; Gavrilov et al., 2018, 2016; Gocic & 

Trajkovic, 2013; Mishra et al., 2014; Rauf et al., 2016; Tabari et al., 2011).

In a Kenai study, the mean annual temperatures showed an increasing trend in several of 

the stations in the Kenai region (Bauret & Stuefer, 2013). These increasing trends were 

especially prevalent when analyzing the longer record trends, 40- and 50-year trends (Bauret & 

Stuefer, 2013). The coldest mean annual temperatures were recorded in 1971, while the warmest 

years were observed in 1993 and 2005 (Bauret & Stuefer, 2013).

1.3 Studies in Precipitation Trends

Precipitation change is another expansive area of climate change research. Precipitation is 

key for predicting available resources for hydroelectricity, irrigation for crops, and in design 

planning for bridges, dams, and other infrastructure. Like temperature changes, changes in 

precipitation are not uniform around the globe. Some areas are decreasing in precipitation, while 
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other areas are increasing in precipitation. For instance, the southern half of the United States is 

expected to see a decrease in precipitation, while the northern latitudes are expected to see an 

increase in precipitation (Walsh et al., 2014).

The time spans covered in the reviewed studies ranged from over a hundred years of 

precipitation data (Mishra et al., 2014) to 36 years of data in a China Pakistan Economic 

Corridor (Ullah, You, Ullah, & Ali, 2018). The majority of the studies reviewed had a data 

record beginning in the 1950's or 1960's and ending in the mid 2000's. A Kenai, Alaska study 

had a minimum of 30 years of data per station analyzed (Bauret & Stuefer, 2013).

The studies broke up the precipitation records to look for trends on different time scales. 

Studies looked at monthly (Caloiero, Coscarelli, Ferrari, & Mancini, 2011; Liu, Yang, & Cui, 

2008; Partal & Kahya, 2006; Tabari & Talaee, 2011), seasonal (Bari, Rahman, Hoque, & 

Hussain, 2016; Ullah et al., 2018), and annual (Bauret & Stuefer, 2013; Kampata, Parida, & 

Moalafhi, 2008; Partal & Kahya, 2006) timescales. One study in Serbia and Montenegro broke 

down the precipitation record into winter and summer data and analyzed trends based upon two 

seasons (TosiC, 2004). Many of the studies performed in areas under the influence of monsoon 

precipitation events looked at the annual precipitation record and then the four seasons: winter 

(December-February), pre-monsoon (March-May), monsoon (June-August), and post-monsoon 

(September- October) (Bari et al., 2016; Ullah et al., 2018). A Kenai study broke up the analysis 

into different year lengths, starting at 20 years and then performing an analysis every decade 

after, out to 50 years (Bauret & Stuefer, 2013).

The number of weather stations utilized in each study varied. A Southern Italian study 

was by far the most comprehensive study consisting of 109 rain gauges across the Calabria 

region in southern Italy (Caloiero et al., 2011). A Turkey study had 96 meteorological station 
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available for the precipitation study (Gavrilov et al., 2018). A Yellow Basin study in China had 

81 meteorological stations available to collect data from (Tabari et al., 2011). A study covering 

the China Pakistan Economic Corridor utilized 53 stations (Arora et al., 2009). An Iranian study 

utilized 41 meteorological stations (Gocic & Trajkovic, 2013). A Serbia and Montenegro study 

used 30 rain gauges across the country to gather data (TosiC, 2004). A Kenai study analyzed 11 

rain gauges throughout the Kenai peninsula (Bauret & Stuefer, 2013). A Zambia River Basin 

study had four rain gauges around the study basin (Kampata et al., 2008). The coverage area for 

each station in each study varied.

Missing data are addressed in several studies, although other studies made no mention of 

how missing data points were accounted for (Caloiero et al., 2011; Kampata et al., 2008; Tabari 

& Talaee, 2011; Tosic, 2004; Ullah et al., 2018). In a Bangladesh study, a year is considered 

complete if the year had data for the entire month for all 12 months and a station is considered 

complete if the station had more than 80% of the years considered complete (Bari et al., 2016). 

In the Yellow River Basin study, missing data are interpolated in 11 of 81 stations using linear 

regression, based on the precipitation series from the adjacent meteorological stations (Liu et al., 

2008). The Mann-Kendall test has the ability to cope with missing data points (Hirsch & Slack, 

1984). The missing data in the Kenai study is taken into account by adding the number of zero 

precipitation days to the number of days with recorded precipitation and then ranking the 

station's reliability (Bauret & Stuefer, 2013).

The Mann-Kendell test is not an effective analysis on serially correlated data. Serial 

correlation is handled in a variety of ways in the studies reviewed. In a China Pakistan Economic 

Corridor study, the data are tested for autocorrelation by computing the lag-1 serial coefficient of 

the different precipitation timescales and then determining if the lag-1 serial coefficient falls 
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within the confidence limit at a confidence interval significance level of 5% (Ullah et al., 2018). 

In several studies lag-1 serial correlation is taken into consideration before running the non

parametric Mann-Kendall test (Bari et al., 2016; Partal & Kahya, 2006; Tabari & Talaee, 2011). 

In a Southern Italian study, the rainfall data in the annual and winter sets showed serial 

correlation bias requiring the usage of pre-whitening of the data through von Storch's procedure 

before the Mann-Kendall test could be applied (Caloiero et al., 2011). Other studies did not 

discuss how serial correlation handled (Kampata et al., 2008; Liu et al., 2008; Tosic, 2004).

The Mann-Kendall test is performed in all of the studies in this literature review. The 

majority of the studies performed the Mann-Kendall test at the 5% significance level (Bari et al., 

2016; Caloiero et al., 2011; Kampata et al., 2008; Liu et al., 2008; Partal & Kahya, 2006; Tosic, 

2004; Ullah et al., 2018). An Iranian study opted to run the Mann-Kendall analysis at the 1% and 

the 5% levels (Tabari & Talaee, 2011). The Modified Mann-Kendall test is not performed on any 

of the studies reviewed.

In a Kenai study, the total annual precipitation shows a decreasing trend across the region 

(Bauret & Stuefer, 2013); however, using the ranked reliability records greater than 40 years did 

not have reliable data (Bauret & Stuefer, 2013). For the majority of the stations 1986 is the 

wettest year and 1996 is the driest year (Bauret & Stuefer, 2013). A seasonal shift precipitation is 

seen across the region with heavy precipitation events moving from late summer to early autumn 

(Bauret & Stuefer, 2013).

1.4 Studies in Discharge

Climate change is having a non-uniform effect on river discharge around the world. Some 

rivers are seeing a decrease in flow, especially in the European and the Mediterranean regions 

(Danube, Euphrates, and Rhine), and in the southern United States (Rio Grande) (Nohara et al., 
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2006). High latitude rivers such as the Amur, Lena, MacKenzie, Ob, Yenisei, and Yukon are 

seeing an increase in discharge (Nohara et al., 2006). These high latitude rivers whose flows are 

affected by break up season are also seeing the peak timing shift due to earlier snowmelt caused 

by climate change (Nohara et al., 2006). Studies suggest the increase of flooding and droughts 

are caused by the intensification of the hydrological cycle due to climate change (Tamaddun, 

Kalra, & Ahmad, 2016).

The number of years of discharge data available in each study reviewed varied. Some 

studies had over a hundred years of discharge data (Hodgkins & Dudley, 2005; Tamaddun et al., 

2016; Zhang, Liu, Xu, Xu, & Jiang, 2006) while other studies had only 20 years of data (Gautam 

& Acharya, 2012). The average study reviewed had a discharge record beginning in the mid- 

1950's and lasting through the early 2000's. One study in Switzerland broke down the discharge 

analysis into two different lengths (Birsan, Molnar, Burlando, & Pfaundler, 2005). In order for a 

streamflow gauge to be selected for the study, most studies required the stream or river in 

question have unregulated flow, i.e., no dams or diversions (Hodgkins & Dudley, 2005; Kumar, 

Merwade, Kam, & Thurner, 2009; Tamaddun et al., 2016).

Many of the discharge studies sought to isolate the trends further by looking at different 

timescales. Some studies looked at the streamflow for the seasonal (fall, winter, spring, summer) 

and annual time series (Birsan et al., 2005; Tamaddun et al., 2016). A New England study 

analyzed annual and monthly streamflow tends (Hodgkins & Dudley, 2005). Areas affected by 

monsoon looked at the annual discharge trends and the four seasons: winter (December- 

February), pre-monsoon (March-May), monsoon (June-August), and post-monsoon (September- 

October) (Gautam & Acharya, 2012). A Yellow River study looked at three different sections of 

the Yellow River, but only analyzed trends on the maximum annual flow scale (Zhang et al., 
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2006). Much like a Yellow River study, a Canadian study and a Portuguese study were 

concerned with trends on the annual time scale (da Silva et al., 2015; Dery & Wood, 2005). An 

Indiana study is the most comprehensive in the amount of trends analyzed: annual and seasonal, 

low, medium, and high flow condition trends were analyzed (Kumar et al., 2009).

The number of streamflow gauges utilized in each study varied. Six hundred unimpaired 

streamflow stations throughout the continental U.S. were analyzed (Tamaddun et al., 2016). A 

study covering the whole of India collected data from 125 stations (Arora et al., 2009). A 

northern Canada study used 64 streamflow gauges to analyze the discharge rates of 64 rivers 

(Dery & Wood, 2005). Nepal's two data sets were comprised of 23 and 33 streamflow stations 

(Gautam & Acharya, 2012). A Swiss study used 48 streamflow gauges (Birsan et al., 2005). A 

New England study utilized 27 streamflow gauges (Hodgkins & Dudley, 2005). An Indiana 

streamflow study utilized 31 USGS gauging stations (Kumar et al., 2009). Three stations were 

analyzed along the Yellow River basin in order to determine streamflow trends (Zhang et al., 

2006). The watershed area for each station in each study varied.

Serial correlation must be removed from the data before a Mann-Kendall test is usable on 

a data set. An Indiana study used four Mann-Kendall tests, including: Mann-Kendall without 

autocorrelation, Mann-Kendall with lag-1 autocorrelation and trend-free pre-whitening, Mann- 

Kendall with complete autocorrelation structure, and Mann-Kendall with long term persistence, 

to analyze the existence of serial correlation and the effect it would have on the data (Kumar et 

al., 2009). In a Nepal study, trend-free pre-whitening and bootstrap approaches were applied to 

the two data sets (Gautam & Acharya, 2012). The Yellow River study used the Kolmogorov- 

Smirnov test on the annual maximum streamflow and water level at all three stations to show the 

data are normally distributed or have insignificant serial correlation (Zhang et al., 2006).
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There is no overarching global trend amongst the studies. In a North American study the 

Mann-Kendall tests showed an increasing trend in the northeast and upper-mid regions, while the 

southeast and northwest regions saw a decreasing trend (Tamaddun et al., 2016). Fall in North 

America saw the most stations with decreasing trends detected and spring showed the highest 

number of increasing trends (Tamaddun et al., 2016). This suggests in the overall North 

American study, streamflow is increasing in the spring and decreasing in fall, with the overall 

water budget moving northward.
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Chapter 2: Statistics and Analysis Used

The Mann-Kendall Test is a non-parametric trend test. The strength of a non-parametric trend 

tests lies in the fact that the dataset being analyzed does not have to be normally distributed; any 

data distribution is valid for the test (Hirsch & Slack 1984). Despite being a powerful statistical 

tool, the Mann-Kendall test is limited to a non-serial dependent data set (Hirsch & Slack 1984). 

Using the Mann-Kendall test on serial dependent data may yield a false trend. A positive 

autocorrelation will typically produce a false positive trend with the Mann-Kendall test and a 

negative autocorrelation will often times produce a false negative trend. A Mann-Kendall test 

can be run with as few as four data points; however, to reduce the number of false positives, 

eight to ten data points are recommended (Hirsch & Slack 1984).

In order to perform the Mann-Kendall test, three limiting conditions must be satisfied. First, 

the data being analyzed may not be seasonal in nature, although a Seasonal Mann-Kendall test 

may be appropriate for such a data set (Hirsch & Slack 1984), provided the data otherwise 

conforms to the remaining limitations. Second, the data must have no covariates (Hirsch & Slack 

1984). Third, the data should not be serially correlated (Hirsch & Slack 1984), in order to avoid 

the aforementioned potential false trend determination.

The Seasonal Mann-Kendall is a variation on the Mann-Kendall that allows for seasonal 

variability. Instead of comparing the entire record against the entire record, the Seasonal Mann- 

Kendall parses comparisons by month of data collected over the years. For instance, January is 

compared to January and August is compared to August and so on. Due to the extreme nature of 

the Arctic, it is essential to keep seasonal variation in mind when performing statistical analysis. 

The Seasonal Mann-Kendall has all the strengths and weaknesses of the Mann-Kendall, but can 
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be reliably used on seasonal data. Serial correlation is a concern with data when performing any 

variation of the Mann-Kendall test.

The Mann-Kendall analysis is interpreted by comparing the p-value to the alpha value 

(significance level). The null hypothesis (h0) is set to no observable trend in the data (Hirsch & 

Slack 1984; Hirsch, Slack, & Smith 1982),while the alternative hypothesis (ha) is there is a trend 

in the data (Hirsch & Slack 1984; Hirsch, Slack, & Smith 1982). If the p-value is less than the 

significance level, then the null hypothesis is rejected in favor of the alternative hypothesis 

(Hirsch & Slack 1984; Hirsch, Slack, & Smith 1982). If the p-value is greater than the 

significance level the null hypothesis is confirmed (Hirsch & Slack 1984; Hirsch, Slack, & Smith 

1982).

The Modified Seasonal Mann-Kendall test is potentially more sensitive to trends than the 

traditional Seasonal Mann-Kendall test (Gavrilov et al. 2016; 2018). Therefore, a Modified 

Seasonal Mann-Kendall is run in order to compare the detected trends. The defined significance 

levels for the Modified Seasonal Mann-Kendall test are as follows:

1. Less than or equal to 5%, there is a ‘significant positive/negative trend';

2. greater than 5%, and less than or equal to 30%, there is a ‘moderately positive/negative 

trend';

3. greater than 30%, and less than or equal to 50%, there is a ‘slightly positive/negative 

trend'; and
4. greater than 50 %, there is ‘no trend' (Gavrilov et al. 2016; 2018).

The Sen's Slope estimator will then be used to determine if the trend is positive or negative 

(Gocic & Trajkovic 2013). A positive Sen's Slope indicates an increasing trend while a negative 

Sen's Slope indicates a decreasing trend. The data will be run using the XL-Stat program 

(Gavrilov et al. 2016; 2018).
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The lag-1 serial correlation coefficient is calculated using the correlation function in 

Microsoft Excel. The lag-1 through lag-26 will give an overall impression of the serial 

correlation coefficient throughout the data. If there is a high serial correlation at any of the lags, 

then using a Seasonal Mann-Kendall is further warranted.
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Chapter 3: Data

The data were gathered from seven weather stations throughout the National Petroleum 

Reserve Alaska (NPRA). The date range and data collection varied by location. Table 3.0.1 

outlines the station location, data type collected, and data range. All elevation measurements in 

Table 3.0.1 are in NGVD 29. Data collection efforts were carried out within the framework of a 

multi-year project funded by BLM (Vas et al. 2018). Figure 3.0.1 shows a map of Alaska with 

the stations used in this study displayed. Figure 3.0.2 shows a zoomed in map of Alaska with the 

stations used in this study displayed.

Table 3.0.1 Location, Latitude, Longitude, Years, and Data Gathered for 7 weather stations in NPRA

Location Latitude Longitude Years Elevation (ft) Data Gathered
Fish 70°16'13" 151°52'20" 2001-2017 24 Rain, Temperature, Discharge
Ikpikpuk 69°46'00" 154°39'40" 2002-2017 100 Rain, Temperature, Discharge
Judy 70°13'14" 151°50'05" 2002-2017 25 Temperature, Discharge
Otuk 68°29'15" 155°43'20" 2008-2017 1716 Rain, Temperature, Discharge
Prince 69°19'17" 152°30'49" 2009-2017 329 Temperature, Discharge
Seabee 69°22'17" 152°90'28" 2007-2017 350 Discharge
Ublutuoch 70°14'33" 151°17'4" 2005-2017 50 Temperature, Discharge
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Figure 3.0.1 The locations of the stations in Alaska (made with Google maps).
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Figure 3.0.2 A close view of the locations of the stations in Alaska (made with Google maps).
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3.1 Temperature Data

The temperature data were collected from six stations in the NPRA between 2001 and 

2017. The temperature data for the stations had data gaps across the entire year range of data 

collection. In general, the temperature was logged every hour on the hour, but due to the nature 

of rural data collection, no station was able to provide a full and complete data set (Vas et al. 

2018). In the extreme case, data points for an entire day were uncollectable. In order to account 

for the missing data points, a linear regression was performed on paired stations. The stations 

were paired for linear regression based upon the closest date range of data collection. The 

stations whose date ranged overlapped the most were paired, rather than the stations who were 

geographically the closest. Table 3.1.1 is a summary of the location of each station, the paired 

station, and the percentage of missing data points. Prince station was not included in the analysis 

due to the station having more than 10% missing data points.

A linear regression was performed on the paired stations (see Table 3.1.1 for paired 

station) in order to calculate a temperature for each of the missing data points. A linear 

regression was done over the entire record, and also on a year-by-year basis, in order to 

determine which method had the higher correlation. The linear regression uses a paired 

temperature, graphing the date and time the temperature measurement took place. For example, 

the temperature taken at 0100 January 5, 2007 at Ublutuoch station would be graphed against the 

temperature taken at 0100 January 5, 2007 at Judy Creek station. After graphing the entire 

temperature record of Ublutuoch versus the entire temperature record at Judy, a slope intercept 

equation was developed. The variables are defined as y being the dependent temperature (in this 

example, the temperature at Ublutuoch station), m is the slope, and x is the independent 

temperature (for this example, the temperature at Judy Creek station), and b is the adjustment.
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The year-by-year basis had a higher R2 value than the entire record calculation. Due to the higher 

R2 value, the year-by-year linear regression was used to calculate each station's missing data 

points used in the temperature analysis. The temperatures were averaged on a daily basis and 

then the daily averages were averaged on a monthly basis in order to calculate the final average 

monthly temperature used in the Seasonal Mann-Kendall and Modified Seasonal Mann-Kendall 

tests. Figure 3.1.1 shows an example of the Ublutuoch station weather data graphed versus the 

Judy station weather data for the entire temperature record of both stations (see Appendix A for 

the remaining stations).

Table 3.1.1 Location, Paired Station and Percent Missing Data Points

Location Paired Station % Missing Data Points
Fish Creek Ikpikpuk 5.27%
Ikpikpuk Fish Creek 1.33%
Judy Creek Ublutuoch 1.87%
Ublutuoch Judy Creek 5.25%
Prince Otuk 15.17%
Otuk Prince 1.05%

Graphing the entire weather record produced an R2 value of 0.9948 (see Figure 3.1.1). 

The results of the paired stations weather record graphs are located in Appendix A. Figure 3.1.2 

shows selected year-by-year graphs of Ublutuoch verses Judy Creek using 2006 as an example 

graph (see Appendix B for the remaining record and the other stations year-by-year records).
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Figure 3.1.1 Ublutuoch versus Judy Creek weather station temperature data 2005-2018
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Figure 3.1.2 Ublutuoch versus Judy Creek for 2006

The R2 values ranged from 0.993 (2016) to 0.996 (2005, 2006, and 2013) (see Figure

3.1.2 and Appendix B). The missing data points were calculated by using the equations 

developed from the year-by-year linear regressions. Each paired station's missing data points 

were calculated from the equations determined by graphing the year-by-year temperature (see 

Figure 3.1.2 and Appendix B).

The seasonal nature of the data suggested accounting for correlation would be necessary. 

In order to determine if there was correlation in the temperature data, a lag-1 through lag-26 

autocorrelation test was performed on each data set. Figure 3.1.3 shows the lag-1 through lag-26, 

correlation study for all of the temperature stations. The lag-1 through lag-26, or 26-months of 

correlation, was chosen in order to get a good visual representation of the correlations.
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Figure 3.1.3 Serial correlation test for Fish Creek station lag-1 through lag-26

The lag-1 through lag-26 correlation study showed significant correlation on all lags 

other than lag-3, lag-9, lag-15, lag-21 (see Figure 3.1.3 and Appendix C for all 6 stations). This 

suggests significant seasonal correlation, making a Seasonal Mann-Kendall test more appropriate 

that a traditional Mann-Kendall test. The Seasonal Mann-Kendall tests was built to account for 

seasonal correlation by defining the period over which the seasonal correlation should be 

occurring.

The Seasonal Mann-Kendall test was run with a significance level of 5% (alpha = 0.05).

The period was defined as 12, for the 12 months of the year. The significance level was 

compared to the p-value in order to determine if there was a trend in the data. The null 

hypothesis (H0) was set to no observable trend in the data, while the alternative hypothesis (Ha) 
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was that there was a trend in the data. If the p-value was less than the significance level, then the 

null hypothesis was rejected in favor of the alternative hypothesis. If the p-value was greater than 

the significance level, the null hypothesis was confirmed.

The traditional Seasonal Mann-Kendall test was compared to a modified version of the 

Seasonal Mann-Kendall test in order to get a more complete overview of the trends occurring at 

the six temperature data stations. The breakdown of the Modified Seasonal Mann-Kendall test 

significance level (alpha value) is as follows:

1. less than or equal to 5% (alpha=0.05), there is a significant positive/negative trend;

2. greater than 5% (alpha=0.05), and less than or equal to 30% (alpha=0.30), there is a 

moderately positive/negative trend;

3. greater than 30% (alpha=0.30), and less than or equal to 50% (alpha=0.50), there is a 

slightly positive/negative trend; and

4. greater than 50% (alpha=0.50), there is ‘no trend'.

3.2 Precipitation Data

Precipitation data were collected from three weather stations in the NPRA. The stations 

were: Fish Creek, Ikpikpuk, and Otuk Stations. Each station reported rain data every hour. The 

station's data were summed to provide for the monthly cumulative rainfall data. The stations 

varied on the length of the time series available. Fish Creek and Ikpikpuk have a complete time 

series from 2003-2017. Otuk station had an intact record from 2008-2017. None of the station 

were equipped with snow gauges so only rain data were available for all three stations. First the 

data were tested for serial correlation using a lag correlation. Figure 3.2.1 shows the results of 

the serial correlation study from Fish Creek Station. Ikpikpuk and Otuk stations serial correlation 

study results are found in Appendix D.
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Figure 3.2.1 Serial correlation lag-1 through lag-26 Fish Creek stations

The serial correlation test lag-1 through lag-26 showed seasonal correlation on the 

majority of lags tested (Figure 3.2.1, Appendix D). This seasonal correlation prohibited the usage 

of the traditional Mann-Kendall test and required the usage of the Seasonal Mann-Kendall and 

Modified Seasonal Mann-Kendall tests. The Seasonal Mann-Kendall test and Modified Mann- 

Kendall test for precipitation were run in accordance with the temperature test, utilizing the 

alternative hypothesis, null hypothesis, and significance level. Unlike the temperature data, the 

precipitation data had a defined six-month period, for the six months of the year rain 

precipitation would be expected (May through October).
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3.3 Discharge Data

Discharge data were collected from seven weather stations in the NPRA. A rating curve 

was developed for each station and reported the discharge rate every 15-minutes (Vas et al., 

2018). The data were averaged to daily discharge rate and then the daily discharge rate was 

averaged into a monthly discharge rate. The stations varied on the length of the time series 

available. Table 3.3.1 shows the stations discharge data were collected for and the length of 

record.

Table 3.3.1 Station and discharge record length
Station Record Length
Fish Creek 2001-2017
Ublutuoch 2004-2017
Judy Creek 2001-2017
Ikipikpuk 2003-2017
Seabee 2007-2017
Prince 2009-2017
Otuk 2005-2017

First the discharge data were tested for serial correlation using a lag correlation. Figure

3.3.1 shows the results of the serial correlation study from Fish Creek Station. The serial 

correlation study results for the rest of the stations are found in Appendix E.

The serial correlation test lag-1 through lag-26 showed correlation on some of lags tested 

(Figure 3.3.1 and Appendix E). This correlation prohibited the usage of the traditional Mann- 

Kendall test and required the usage of the Seasonal Mann-Kendall and Modified Seasonal Mann- 

Kendall tests. The Seasonal Mann-Kendall test was run with a significance level of 5% 

(alpha=0.05). The Seasonal Mann-Kendall test and Modified Mann-Kendall test for discharge 

were run in accordance with the temperature test, utilizing the alternative hypothesis, null
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hypothesis, and significance level. Unlike the temperature data, the discharge data had a defined 

six-month period to account for the time period open water would be expected.

Figure 3.3.1 Serial correlation lag-1 through lag-26 Fish Creek station
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Chapter 4: Results

4.1 Temperature Results

The temperature data were collected on 6 stations on NPRA. The data were analyzed 

using the Seasonal Mann-Kendall test and the modified Seasonal Mann-Kendall test (see Table 

4.1.1). One station, Prince station, was excluded from the analysis due to a high percentage of 

missing data.

Four out of five stations studied showed an observable trend in the temperature data at a 

significance level of 5% (a=0.05) for the traditional Seasonal Mann-Kendall test. The modified 

Seasonal Mann-Kendall also showed a ‘significant' trend for four out of five stations and a 

‘slight positive' trend for the remaining station. The Sen's Slope analysis was considered to 

determine the magnitude of the trend and direction of the trend. The Sen's Slope confirmed all 

four of the trends observed were increasing trends with an average annual temperature between 

0.108 ◦C to 0.162 ◦C. Otuk, the southernmost station in the study and the station furthest from the 

coast had the highest Sen's slope value of 0.162 ◦C. Ikpikpuk station had the lowest Sen's Slope 

value at 0.108 ◦C. Ikpikpuk is an interior station, towards the central western part of the study 

area. Due to the global increase in temperature, an increase in temperature across all of the study 

stations was expected. Due to the lack of data points, the temperature increase cannot be 

correlated to station elevation. The station with highest elevation, Otuk, saw the largest increase 

in temperature. The second highest temperature increase was seen in the station with the second 

lowest elevation, Judy Creek.
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Table 4.1.1 Location, Seasonal Mann-Kendall, Modified Seasonal Mann-Kendall, and Sen's Slope in Temperature 
Data

Location Seasonal Mann-Kendall Modified Seasonal Mann-Kendall Sen's Slope
Fish Creek Trend Significant Trend 0.157
Ikpikpuk Trend Significant Trend 0.108
Judy Trend Significant Trend 0.162
Ublutuoch Trend Significant Trend 0.137
Otuk No Trend Slight Positive Trend -

4.2 Precipitation Results

The precipitation data were collected from three stations on NPRA. The data were 

analyzed using the Seasonal Mann-Kendall test and the modified Seasonal Mann-Kendall test 

(see Table 4.2.1). The precipitation Seasonal-Mann Kendall results were computed using an 

alpha of 0.05 or 5%.

The computed p-value for the Fish station precipitation data was 0.327. The p-value 

shows ‘no trend' in the Seasonal Mann-Kendall test and a ‘slight trend' in the modified Seasonal 

Mann-Kendall test. Fish Creek is in the northern portion of the study area, closest to the Arctic 

Ocean. Ikpikpuk had 2011 missing from the time series therefore no rain data were included for 

2011. The computed p-value for the Ikpikpuk precipitation data was 0.861. This p-value shows 

‘no trend' in the Seasonal Mann-Kendall test and ‘no trend' in the modified Seasonal Mann- 

Kendall test. Ikpikpuk Station is located in the central western portion of the study area. The 

computed p-value for the Otuk precipitation data was 0.265. The p-value shows ‘no trend' in the 

Seasonal Mann-Kendall test and a ‘moderate trend' in the modified Seasonal Mann-Kendall test. 

Otuk Station is located at the southernmost point of the study area, in the interior of Alaska.

These stations showed ‘no trend' with the Seasonal Mann-Kendall tests and a ‘slight 

trend' (Fish Creek), ‘moderate trend' (Otuk) and ‘no trend' (Ikpikpuk) for the modified Seasonal 

Mann-Kendall test. Precipitation data were only collected on rain precipitation due to the lack of 
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snow gauges at the stations. Due to the lack of winter precipitation data, the study was lacking 

the complete annual precipitation record. The Seasonal Mann-Kendall showed there is ‘no trend' 

in the rain precipitation data. The modified Mann-Kendall showed a ‘slight trend' in the Fish 

Creek station and ‘moderate trend' at Otuk station. These weaker trends suggest there is a change 

occurring but not a strong change. Ikpikpuk station showed ‘no trend' in both the Seasonal and 

Modified Seasonal Mann-Kendall tests. Ikpikpuk was the only station missing an entire year 

from the data record. This complete lack of trend could reflect the missing data or there could be 

‘no trend'. A longer precipitation record would be useful in confirming the weaker trends. The 

station with the highest elevation, Otuk station, observed a ‘moderate trend' with the modified 

Seasonal Mann-Kendall test. Ikpikpuk, show ‘no trend' at the mid-elevation range. Fish Creek, 

the lowest elevation station with precipitation data observed a ‘slight trend.' It is possible rain is 

increasing at the higher elevation. Without winter (snow) precipitation data it is not possible to 

determine if the summer (rain) precipitation is increasing and the snow season is decreasing or if 

overall precipitation is increasing.

Table 4.2.1 Location, Seasonal Mann-Kendall and Modified Seasonal Mann-Kendall on Precipitation Data
Location Seasonal Mann-Kendall Modified Seasonal Mann-Kendall
Fish No Trend Slight Trend
Ikpikpuk No Trend No Trend
Otuk No Trend Moderate Trend

4.3 Discharge Results

The discharge data were collected on seven stations on NPRA. The data were analyzed 

using the Seasonal Mann-Kendall test and the modified Seasonal Mann-Kendall test (see Table 

4.3.1). The discharge Seasonal-Mann Kendall results were computed using an alpha of 0.05 (5%) 

and the Modified Seasonal Mann-Kendall data have a ranked alpha as described in section 2.0.
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Table 4.3.1 Location, Seasonal Mann-Kendall and Modified Seasonal Mann-Kendall on Discharge Data
Station Seasonal Mann-Kendall Modified Seasonal Mann-Kendall Sen's Slope
Fish Creek Trend Significant Trend Increasing
Ublutuoch No Trend Slight Trend -

Judy No Trend No Trend -

Ikipikpuk No Trend Moderate Trend -

Seabee Trend Significant Trend Increasing
Prince No Trend Moderate Trend -

Otuk No Trend Moderate Trend -

These stations showed a ‘no trend' for five of the stations and a trend for two of the 

stations (Fish and Seabee) with the Seasonal Mann-Kendall tests. The modified Seasonal Mann- 

Kendall tests showed a ‘no trend' at one station (Judy), a ‘slight trend' at one stations 

(Ublutuoch), a ‘moderate trend' at three stations (Ikpikpuk, Otuk, Prince), and a ‘significant 

trend' at two stations (Fish and Seabee). The Sen's slope analysis at Fish and Seabee stations 

showed a positive change in discharge. The computed p-value for the Fish station discharge data 

was < 0.0001. The p-value shows ‘trend' in the Seasonal Mann-Kendall test and a ‘significant 

trend' in the modified Seasonal Mann-Kendall test. The Sen's Slope confirmed an increasing 

trend. The computed p-value for the Ublutuoch station discharge data was 0.383. The p-value 

shows ‘no trend' in the Seasonal Mann-Kendall test and a ‘slight trend' in the modified Seasonal 

Mann-Kendall test. The computed p-value for the Judy station discharge data was 0.096. The p- 

value shows ‘no trend' in the Seasonal Mann-Kendall test and ‘moderate trend' in the modified 

Seasonal Mann-Kendall test. The computed p-value for the Ikpikpuk discharge data was 0.163. 

This p-value shows ‘no trend' in the Seasonal Mann-Kendall test and ‘moderate trend' in the 

modified Seasonal Mann-Kendall test. The computed p-value for the Seabee discharge data was 

0.001. This p-value shows ‘trend' in the Seasonal Mann-Kendall test and a ‘significant trend' in 

the modified Seasonal Mann-Kendall test. The Sen's Slope confirmed an increasing trend. The 
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computed p-value for the Prince discharge data was 0.287. This p-value shows a ‘no trend' in the 

Seasonal Mann-Kendall test and a ‘moderate trend' in the modified Seasonal Mann-Kendall test. 

The computed p-value for the Otuk discharge data was 0.204. The p-value shows ‘no trend' in 

the Seasonal Mann-Kendall test and ‘moderate trend' in the modified Seasonal Mann-Kendall 

test.

The Seasonal Mann-Kendall showed ‘no trend' at five out of seven stations while the 

modified Seasonal Mann-Kendall showed ‘no trend' at one station and ‘trends' at six stations. 

The increase of trends with the modified Seasonal Mann-Kendall suggest the modified Seasonal 

Mann-Kendall is more sensitive to trend changes than the Mann-Kendall tests. The increased 

number of trends detected suggest there are weak trends that could be getting stronger in the 

river discharge data. With only two stations showing significant trends, Fish and Seabee, no 

correlation between station elevation and change in discharge was detected. Discharge is 

complicated by having multiple variables feeding into the amount of water discharged. Fish 

Creek station had a significant increasing trend with respect to discharge and a ‘slight trend' with 

respect to precipitation. Ikpikpuk station showed a ‘moderate trend' with discharge and ‘no 

trend' with precipitation. This discrepancy suggests the increase in discharge at Ikpikpuk station 

is not related to precipitation; Ikpikpuk's precipitation trend is complicated due to the missing 

data from 2011. The discharge recorded at Ikpikpuk could be related to snow precipitation, 

which is not accounted for in this study. Otuk station had a ‘moderate trend' with respect to 

discharge and precipitation. This ‘moderate trend' in both precipitation and discharge suggests 

the parameters maybe related.
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4.4 Study Limitations

One important data gap in this study is the length of record. Many of the studies reviewed 

in the review had decades if not a century of data to analyze for trends. The majority of the 

record lengths assessed in this study were about a decade long. In order to continue to assess 

trends in the Alaskan Arctic it is essential to continue to collect data to get those longer record 

lengths.

Another important data gap to note is station coverage. The Alaskan Arctic is a large 

sparsely populated place and these stations are covering a large area. Looking at some of the 

studies reviewed, gauge coverage leads to more data, which leads to more analysis of trends. 

This, in turn leads, to a greater understanding of microclimates.
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Chapter 5: Conclusions

Temperature, precipitation, and discharge data were gathered for five, three, and seven 

weather stations, respectively, in the National Petroleum Reserve Alaska. Trends in the data were 

analyzed using the Seasonal-Mann Kendall test at a 5% (alpha=0.05) significance level, and a 

modified Seasonal Mann-Kendall tests with a staggered significance level. The temperature data 

for four stations showed a ‘significant trend' using the traditional Seasonal Mann-Kendall 

analysis. These ‘significant trends' were confirmed with the modified Seasonal Mann-Kendall 

test. The remaining station showed ‘no trend' with Seasonal Mann-Kendall test and a slight 

positive trend with the modified Mann-Kendall test. The Sen's slope analysis was run on the 

temperature data revealing an increase in average annual temperature between 0.108 ◦C to 0.188 

◦C. Precipitation data were collected from three stations, Fish Creek, Ikpikpuk, and Otuk stations. 

These stations showed ‘no trend' with the Seasonal Mann-Kendall tests and a ‘slight trend' (Fish 

Creek), ‘moderate trend' (Otuk) and ‘no trend' (Ikpikpuk) with the modified Seasonal Mann- 

Kendall test. The discharge data were collected on seven stations. These stations showed a ‘no 

trend' for five of the stations and a ‘trend' at two stations (Fish Creek and Seabee) with the 

Seasonal Mann-Kendall tests. The modified Seasonal Mann-Kendall tests showed a ‘no trend' at 

one station (Judy), a ‘slight trend' at one station (Ublutuoch), a ‘moderate trend' at three stations 

(Ikpikpuk, Prince, Otuk), and a ‘significant trend' at two stations (Fish Creek and Seabee). The 

Sen's slope analysis at Fish and Seabee station showed an increasing change discharge.

Climate change in the Arctic affects the fragile stability of the tundra. A shift in the 

temperature could cause rivers to freeze later in the fall season and break up to happen earlier in 

the spring. This change in freeze up and break up times shortens the window for tundra travel as 
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well as ice road construction and use. The increase in temperature could also increase the active 

layer in this Arctic region, in turn affecting the hydrology of the study area.
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Appendices

Appendix A: Temperature Linear Regressions Complete Record

Figure A.1 Otuk temperature verses Prince temperature 2008-2018
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A.2 Ublutuoch temperature verses Judy temperature 2005-2017Figure
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Figure A.3 Fish Creek verses Ikpikpuk temperatures 2003-2017
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Appendix B: Temperature Linear Regressions by Year

Figure B.1 Otuk temperature verses Prince temperature 2009
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Figure B.2 Otuk temperature verses Prince temperature 2010
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Figure B.3 Otuk temperature verses Prince temperature 2011
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Figure B.4 Otuk temperature verses Prince temperature 2012
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Figure B.5 Otuk temperature verses Prince temperature 2013
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Figure B.6 Otuk temperature verses Prince temperature 2014
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Figure B.7 Otuk temperature verses Prince temperature 2015
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Figure B.8 Otuk temperature verses Prince temperature 2016
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Figure B.9 Otuk temperature verses Prince temperature 2017
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Figure B.10 Otuk temperature verses Prince temperature 2018
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Figure B.11 Ublutuoch temperature verses Judy Creek temperature 2005
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Figure B.12 Ublutuoch temperature verses Judy Creek temperature 2006
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Figure B.13 Ublutuoch temperature verses Judy Creek temperature 2007
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Figure B.14 Ublutuoch temperature verses Judy Creek temperature 2008
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Figure B.15 Ublutuoch temperature verses Judy Creek temperature 2009
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Figure B.16 Ublutuoch temperature verses Judy Creek temperature 2010
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Figure B.17 Ublutuoch temperature verses Judy Creek temperature 2011
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Figure B.18 Ublutuoch temperature verses Judy Creek temperature 2012
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Figure B.19 Ublutuoch temperature verses Judy Creek temperature 2013
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Figure B.20 Ublutuoch temperature verses Judy Creek temperature 2014
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Figure B.21 Ublutuoch temperature verses Judy Creek temperature 2015
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Figure B.22 Ublutuoch temperature verses Judy Creek temperature 2016
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Figure B.23 Ublutuoch temperature verses Judy Creek temperature 2017
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Figure B.24 Ublutuoch temperature verses Judy Creek temperature 2018
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Figure B.25 Fish Creek verses Ikpikpuk temperatures 2003
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Figure B.26 Fish Creek verses Ikpikpuk temperatures 2004
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Figure B.27 Fish Creek verses Ikpikpuk temperatures 2005

67



Figure B.28 Fish Creek verses Ikpikpuk temperatures 2006
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Figure B.29 Fish Creek verses Ikpikpuk temperatures 2007
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Figure B.30 Fish Creek verses Ikpikpuk temperatures 2008
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Figure B.31 Fish Creek verses Ikpikpuk temperatures 2009
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Figure B.32 Fish Creek verses Ikpikpuk temperatures 2010
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Figure B.33 Fish Creek verses Ikpikpuk temperatures 2011
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Figure B.34 Fish Creek verses Ikpikpuk temperatures 2012
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Figure B.35 Fish Creek verses Ikpikpuk temperatures 2013
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Figure B.36 Fish Creek verses Ikpikpuk temperatures 2014
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Figure B.37 Fish Creek verses Ikpikpuk temperatures 2015

77



Figure B.38 Fish Creek verses Ikpikpuk temperatures 2016
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Figure B.39 Fish Creek verses Ikpikpuk temperatures 2017
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Figure B.40 Fish Creek verses Ikpikpuk temperatures 2018
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Appendix C: Temperature Serial Correlation

Figure C.1 Serial correlation test for Ikpikpuk station lag-1 through lag-26
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Figure C.2 Serial correlation test for Judy Creek station lag-1 through lag-26
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Figure C.3 Serial correlation test for Ublutuoch station lag-1 through lag-26
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Figure C.4 Serial correlation test for Otuk station lag-1 through lag-26
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Appendix D: Precipitation Serial Correlation

Figure D.1 Serial correlation lag-1 through lag-26 Ikpikpuk station
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Figure D.2 Serial correlation lag-1 through lag-26 Otuk station
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Appendix E: Discharge Serial Correlation

Figure E.1 Serial correlation lag-1 through lag-26 Ublutuoch station
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E.2 Serial correlation lag-1 through lag-26 Judy Creek stationFigure
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Figure E.3 Serial correlation lag-1 through lag-26 Ikpikpuk station
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E.4 Serial correlation lag-1 through lag-26 Seabee stationFigure
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E.5 Serial correlation lag-1 through lag-26 Prince stationFigure
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E.6 Serial correlation lag-1 through lag-26 Otuk stationFigure
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