
1.  Introduction
Northern high-latitude cold regions are one of the forefronts of 20-century and 21-century climate change 
(IPCC, 2014; Markon et al., 2018; Walsh et al., 2011). In Alaska, projected warming is expected to continue 
declines in glacier mass and increase rain-to-snow precipitation fractions, while projected precipitation pat-
terns are expected to vary spatially (Arendt et al., 2002; Bieniek et al., 2014; Lader et al., 2017, 2020; Littell 
et al., 2018; Markon et al., 2018; S. A. McAfee et al., 2013; S. McAfee et al., 2014; Walsh et al., 2018; Wouters 
et al., 2019). How these climate trends will translate to changes in streamflow patterns, especially flooding 
properties, depends on the type and relative dominance of streamflow-generating processes, or drivers, in 
a diverse environment that includes temperate and boreal forests, Arctic tundra, and 12% of the world's 
glacier area (RGI Consortium, 2017; Viereck et al., 1992). Characterizing historical streamflow patterns and 
their underlying drivers thus creates an important basis for understanding and planning for the impacts of 
climate change, which has critical implications for engineering design, public safety, and ecosystems (Bunn 
& Arthington, 2002; Milner et al., 2009; Wilby & Keenan, 2012).

Primary streamflow drivers form distinct seasonal patterns of streamflow, or seasonal flow regimes, which 
can be effectively characterized by a hydrograph of long-term mean daily or mean monthly streamflow 
(Krasovskaia et al., 1999). Hydrograph shape, along with geographic location, climate, and basin charac-
teristics, can be used to infer these drivers (Weingartner et al., 2013). Regional patterns of drivers across 
Alaska are likely complex as they depend on climate and geography that can be both varied and extreme 
(Eaton & Moore, 2010; Shulski & Wendler, 2007). For example, regions of flood response to climate change 
for the contiguous United States and northern Europe are often a patchwork (Archfield et al., 2016; Matti 
et al., 2017) showing a range of responses at multiple scales (Mastin et al., 2016; Slater & Villarini, 2016). 
Alaska has sparse, short, and often discontinuous streamflow records and is often excluded from conti-
nental-scale studies (e.g., Berghuijs et al.,  2016). However, as for other cold regions (Matti et  al.,  2017), 
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large-scale regional differences in climatic forcing (Bieniek et al., 2012) likely form an important control on 
Alaska flow regimes, moderated by basin-specific factors such as glacier coverage, elevation, and permafrost 
coverage.

Classification of hydrologic characteristics creates intuitive categories that can help refine understanding of 
regional hydrology (Matti et al., 2017; Olden et al., 2012) and disentangle complex multidriver streamflow 
patterns. In regions that store snow and ice, seasonal melt processes and rainfall are primary drivers often 
out of phase with each other. In Alaska, melt-based drivers can be partitioned by source as snowmelt or 
glacier melt (Beamer et al., 2016; Hill et al., 2015), which controls availability, and by elevation, which dic-
tates timing. Chapman (1982) described seasonal streamflow patterns generated by rainfall, low-elevation 
snowmelt, high-elevation snowmelt and glacier melt, and glacier-dammed lake outburst floods and noted 
low-flow summers in coastal southeast Alaska and low winter base flows followed by break-up–freeze-
up patterns over much of the rest of the state. Subsequent informal studies recognized coastal, interior, 
and glacial streamflow patterns statewide (Wiley & Curran,  2003) and varying combinations of glacial, 
snowmelt, and rainfall drivers in localized studies (Brabets et al., 1999; Curran, 2012; Edwards et al., 2013). 
More formalized flow regime classifications along the Gulf of Alaska using modeled (Sergeant et al., 2020) 
or observed data (Todd et al., 2017) collectively found classes with single or multiple rainfall, snowmelt, 
and glacier-melt drivers and additional classes recognizing the influence of lake storage or groundwater. 
Comprehensive flow regimes include fundamental elements described as magnitude, frequency, duration, 
timing, and rate of change of streamflow (Poff et al., 1997) captured from multiple stochastic streamflow 
metrics (Archfield et al., 2014). To date, no formal statewide classification of such flow regimes, or seasonal 
flow regimes, which address the timing aspect of the flow regime, exists.

In this study, we present hierarchical clusters of seasonal flow regimes for Alaska developed from observed 
streamflow data and infer the associated dominant daily streamflow drivers. Within the clusters, we also ex-
plore aggregate peak-flow seasonality to identify multiple populations of peak flows (Ryberg et al., 2016) and 
infer dominant peak-flow drivers. Our intent is to provide a framework of historical seasonal flow regimes 
and dominant drivers for Alaska from which the impact of anticipated future changes can be evaluated.

2.  Study Area
The U.S. state of Alaska is a topographically complex region that encompasses 1.5M km2 in temperate to 
polar environments (Figure 1(a)). Bounded by the Pacific Ocean on the south and by the seasonally ice-cov-
ered Bering Sea and Arctic Ocean on the west and north, Alaska contains extensive areas of wetlands, lakes, 
tundra, forests, and permafrost, interspersed with mountain ranges and glaciers. The headwaters of some 
streams, especially in the Yukon River basin and in southeast Alaska, extend across the eastern border 
into Canada. Alaska has a complex and diverse climate (Shulski & Wendler, 2007) that has been described 
regionally in 13 climate divisions (Bieniek et al., 2012). We simplify this to three general zones to capture 
primary differences: (1) a maritime South Coastal region consisting of the coastal areas bordering the Gulf 
of Alaska and North Pacific Ocean and including the transitional maritime-continental Bristol Bay and 
Cook Inlet basins; (2) a mostly continental Interior region that also includes part of the Copper River basin 
and the more moderate western coastal area; and (3) an Arctic region extending northward from the crest 
of the Brooks Range (the North Slope; Figure 1(a)).

Temperature variability and extremes vary with latitude and with distance from the ocean (Figure 1(b)). 
South Coastal areas experience relatively mild and less variable temperatures, whereas the seasonal pres-
ence of sea ice limits the moderating effect of the ocean on temperatures along the coast farther north. 
The Arctic has the lowest mean annual temperature (−12°C); however, the record low (−62°C) and high 
(38°C) temperatures occurred in the continental Interior (Shulski & Wendler, 2007). Temperature, precip-
itation, and storm tracks are also influenced by the height and distribution of prominent mountain rang-
es (Figure 1(a)). Alaska precipitation (Figure 1(c)) reaches extreme highs in the South Coastal region as 
abundant moisture transported onshore from the Pacific Ocean interacts with the mountainous terrain, 
drops substantially moving into the Interior, and decreases to extreme lows on the coastal plain of the 
Arctic region (Stewart et al., 2017). Atmospheric rivers (ARs), bands of moisture-laden air advected across 
the Pacific Ocean from lower latitudes, can occur any time of year, deliver heavy rain or snow to many 
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parts of the state, and cause extreme floods (Papineau & Holloway, 2011). ARs are most common in South 
Coastal (Guan & Waliser, 2015), where the number of events typically peaks in August–October (Mund-
henk et al., 2016; Sharma & Déry, 2019). Rain-on-snow (ROS) events, in which streamflow is generated 
by snowmelt and rainfall, occur across Alaska, most commonly in the western Interior and South Coastal 
regions (Bieniek et al., 2018; Pan et al., 2018) and most frequently October–April (Bieniek et al., 2018). ARs 
combined with ROS events (Crawford et al., 2020; Guan et al., 2016) can lead to substantial flooding (McCa-
be et al., 2007). Outside South Coastal, precipitation falls mainly in summer–mid fall in the form of frontal 
systems and convective storms, with convective storms especially common in the Interior in June and July 
(Farukh et al., 2011; Papineau & Holloway, 2011; Shulski & Wendler, 2007).
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Figure 1.  Characteristics of study area, including (a) physical features and location of streamgages used in the analysis (streamgages listed in Curran and 
Biles [2020]), (b) mean annual temperature, and (c) mean annual precipitation.
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The amount of snow and ice and the timing of the melt period play a significant role in Alaska streamflow 
regimes. Snow covers the ground in much of the state for at least half the year, and snowfall amounts vary 
with climate and elevation, from an annual average of 76 cm year−1 in the dry Arctic to the highest observed 
winter snowfall of 24.7 m in the South Coastal mountains (Shulski & Wendler, 2007). Glaciers and icefields 
occupy 4% of Alaska (63,803 km2; RGI Consortium, 2017), of which 99% are distributed throughout the 
southern third of the state where precipitation is highest (Figure 1). In the Arctic, snow typically melts 
within a 7–10-day period between April and June (Kane et al., 2008). In contrast, snow melts over a longer 
period between March and May in other regions. Snowmelt is often delayed as elevation increases (Lader 
et al., 2020; Lundquist et al., 2004), creating a more gradual and prolonged snowmelt runoff pattern for 
basins that include a large elevation range. Glaciers further influence runoff seasonality through release 
of meltwater at various time scales (Fountain & Tangborn, 1985; Jansson et al., 2003). Snowmelt from the 
glacier surface is delayed and ice melt reaches a maximum in summer when temperature and sun angles 
are highest and albedo is reduced (Hock et al., 2005). For this study, we consider high-elevation processes to 
include delayed snowmelt from high elevations, additionally delayed melt from glacier snow cover and ice 
in glacierized basins, and (in some cases) summer precipitation, that collectively keep streamflow elevated 
throughout summer. Permafrost, which is continuous in the Arctic and discontinuous over much of the rest 
of the state, thaws to a shallow active layer that limits soil moisture storage and can intensify flooding (Kane 
et al., 2004). Cold-region flood-generating processes not addressed in this study include ice-jam flooding 
during spring break-up, which rarely produces annual peak flows, and glacier lake outburst floods, which 
strongly depend on local conditions.

3.  Methods
The study identified classes of similar seasonal streamflow patterns to provide groups for aggregating stream-
flow driver information. To accommodate a sparse streamgaging network, we leveraged short streamflow 
records through use of metrics of daily flow, which average to a representative pattern relatively quickly. 
We clustered stream sites using mean monthly streamflow, calculated from daily streamflow, which has 
been used as a measure of timing in more comprehensive explorations of flow regimes (Olden et al., 2012). 
Months used for clustering were selected to minimize correlation and provide detailed differentiation of 
seasonal patterns. The seasonal flow regime clusters were then used to identify daily and peak-flow popula-
tion drivers. Basin characteristics and weather station observations were used to support the interpretations 
of drivers and were explored as explanatory variables of differences in seasonal flow regimes.

3.1.  Streamflow Data and Basin Characteristics

Streamgage information was compiled for an initial data set of U.S. Geological Survey (USGS) streamgages 
in Alaska that had at least 5 years of daily streamflow data. Mean daily streamflow typically converged to 
a representative hydrograph shape within 5 years, a record length consistent with other studies of seasonal 
streamflow patterns (Kuentz et al., 2017; Shanley & Albert, 2014). To obtain a representative spatial sample, 
periods of record were not limited to concurrent periods with other streamgages or to phases of the Pacific 
Decadal Oscillation or other teleconnections shown to affect seasonal streamflow patterns in Alaska (Flem-
ing et al., 2016). As a result, the data set represents an inventory of historical conditions but not necessarily 
concurrent conditions. The Aleutian Islands, Bering Sea islands, and selected areas in interior and western 
Alaska lacked sufficient streamgage data to be well represented by this study.

Of the initial 331 streamgages, 253 streamgages met the following additional criteria: (1) at least 5 years of 
daily mean streamflow unaffected by regulation, urbanization, or outburst floods (including glacial lake 
outburst floods), (2) a definable drainage area no smaller than 1 km2, and (3) not hydrologically redun-
dant with another streamgage. Screening included consideration of USGS annual peak-streamflow file data 
codes and annual data reports (U.S. Geological Survey, 2019; https://wdr.water.usgs.gov/). Hydrologically 
redundant streamgages were defined as nested streamgage pairs having a drainage area ratio (larger divided 
by smaller) less than 5. Redundant pairs were reduced to the longer-record streamgage, except for the very 
large Yukon River, where the smallest drainage area was selected for comparability to other streams. Study 
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data, including periods of record used and omitted and reasons for omission for streamgages not used, are 
presented in a separate data publication (Curran & Biles, 2020).

Hydrologic data for analyses of the selected streamgages included daily mean streamflow and annual max-
imum instantaneous (peak) streamflow. Streamflow data were obtained from the USGS National Water 
Information System (NWIS) (U.S. Geological Survey, 2019) through water year 2017, where a water year is 
defined as the period from October 1 to September 30 of the following year and named for the calendar year 
in which it ends. Daily mean streamflow data were edited to omit the following: an entire water year if inel-
igible conditions occurred in any part of the year, records for February 29, and partial water years (missing 
more than 1 day) using the conventional October–September period, except at seven sites where data were 
collected on a water year defined by alternate months. Daily mean streamflow was then used to compute 
mean daily, mean monthly, and mean annual streamflow for the period of record meeting study criteria. 
Peak-flow data were edited to remove peaks coded as outburst, regulated, or historic (collected outside the 
systematic gaging period), and peaks occurring on February 29 were assigned a date of February 28. Because 
peak flows were aggregated by a cluster group for analysis, no minimum record length was required; peak-
flow records were shorter than 5 years for 2% of study streams. Median record lengths for data used in the 
analysis were 13 years for daily flows and 16 years for peak flows.

Study basin characteristics (Curran & Biles,  2020) consisted of an expansion of Appendix A of Curran 
et al.  (2016), which compiled basin centroid location and drainage area from the basin boundary; mean 
basin elevation from ASTER GDEM version two elevation data (National Aeronautics and Space Adminis-
tration Land Processes Distributed Archive Center, 2011); mean annual precipitation and mean minimum 
January temperature (used here as an indicator of winter temperature) from PRISM temperature and pre-
cipitation data for Alaska (Gibson, 2009a, 2009b) and Canada (PRISM Climate Group, 2002); and percent of 
basin covered by glaciers from Randolph Glacier Inventory version 2.0 glacier coverage data (RGI Consor-
tium, 2012) for most basins. For basins not in Curran et al. (2016), we used ArcGIS software (ESRI, 2017) 
and methods and sources described in that study to compute these basin characteristics. Additionally, we 
computed mean monthly precipitation and temperature for all study basins using the Curran et al. (2016) 
methods and PRISM data.

3.2.  Cluster Analysis

A hierarchical cluster analysis of metrics of mean monthly streamflow, using months selected to best differ-
entiate seasonal flow patterns over the entire hydrograph, was used to develop seasonal flow regime classes 
and subclasses. To remove the scale dependence of basin size and annual precipitation, considered primary 
drivers of flow magnitude (Curran et al., 2016), mean monthly streamflow was normalized by dividing by 
mean annual streamflow for each streamgage, creating a series of dimensionless numbers known as Pardé 
coefficients (Pardé, 1933). Monthly Pardé coefficients can range from 0 (no flow that month) to 12 (all the 
flow for the year arrives in that month) and would all equal 1 if flow did not vary by month. To remove the 
effect of differences in variance of normalized flow between months, the data set of Pardé coefficients was 
standardized by subtracting the mean and dividing by the standard deviation across all sites, resulting in 
flow variables consisting of monthly Pardé z-scores.

Strongly correlated variables, which generally exceeded a Pearson's correlation coefficient (r) of about 0.8, 
were identified from a scatterplot of monthly Pardé coefficient pairs (Curran & Biles, 2020). A principal 
component analysis (PCA; computed using the correlation matrix with princomp in the R package stats) of 
all variables and then successive iterations of selected variables was used to generate PCA scores and biplots 
(Figure S1) that informed removal of variables to minimize multicollinearity. Of the strongly correlated cold 
season flow variables—November–March and to some degree October and April–February best represented 
the lowest flows of winter. May captured much of the variability in the snowmelt period. For the strongly 
correlated pair of July and August, July was chosen as the variable with the best performance at differen-
tiating summer streamflow seasonality. Initial cluster analysis using these three monthly Pardé z-scores 
successfully differentiated seasonal streamflow patterns except for a group of Arctic streams so strongly 
snowmelt dominated that flows were only notably high in June. The June flow variable was included to 
capture this narrow seasonal window. The fall month of September was considered but explained little 
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variation and was removed, leaving February, May, June, and July Pardé z-scores as the selected monthly 
flow variables for clustering.

Cluster analysis used Euclidean distance and Ward's minimum-variance agglomerative method (ward.D2) 
and was computed using hclust within the R package stats (R Core Team, 2018). This hierarchical clustering 
method results in a dendrogram of nested clusters and allows the user to choose the number of clusters. 
For this study, two nested groupings were useful: the smallest number of clusters that contained distinct 
seasonal differences (classes), and the largest number of clusters before cluster population dwindled and 
distinction of seasonal differences blurred (subclasses). The specific selection relied on the rate of prolif-
eration of clusters on the dendrogram, the visual similarity of mean daily streamflow plots in proposed 
clusters, and silhouette plots, which show the strength of the similarity of a site to other sites in its cluster 
relative to sites in other clusters (Rousseeuw, 1987). Silhouette plot scores varied little between number of 
clusters for the class and subclass levels, requiring more interpretation using the other screening processes. 
For ease of visualization, subclasses were arranged within the classes in increasing order of melt dominance 
and identified using the class number plus a letter.

3.3.  Peak-Streamflow Timing

Visualizing the timing of peak flows for a group of streams as a frequency distribution of their day of 
year of occurrence can help identify the most common peak-flow periods (Ryberg et al., 2016). Using this 
technique, a density curve of peak day of year is computed for the aggregated peak flows and a local min-
imum in the curve can be used to denote the date dividing two populations of peaks, each assumed to be 
generated by different streamflow drivers. For this study, where peaks could be attributed to more than two 
primary drivers, the methods of Ryberg et al. (2016) were expanded to examine all feasible local minima 
in the day-of-year density curve. Density curves for peaks in each subclass were prepared using density in 
R after weighting each peak by the record length of its streamgage to adjust for periods of record ranging 
from 2 to 98 years. We used turnpoints in the R pastecs package (Grosjean & Ibanez, 2018) for computation 
of locations and statistics of local minima and used those statistics and the likely range of dates of melt or 
rainfall seasons observed from patterns in subclass hydrographs to guide selection of local minima as the 
date dividing clusters of peaks where possible. For subclasses where density curves did not form a valley in 
an anticipated period but did form an inflection point, the inflection point was adopted. An inflection point 
provides less confidence than a local minimum and encourages caution when interpreting dates used as 
population boundaries. Inspection of hydrographs indicated that this condition was common in subclasses 
with summer rainfall or summer melt where the separation between populations was small or gradational.

3.4.  Attribution of Streamflow Drivers

When multiple streamflow drivers are present, the hydrograph can be considered a mixture of unimodal 
distributions, each having its own variance (normalized flow magnitude) and mean (flow timing). Class 
and subclass median hydrographs were prepared from Pardé coefficients, and mean daily streamflow, nor-
malized by mean annual flow, was used to generate a median hydrograph and the 10th–90th percentile en-
velope of mean daily flow for each subclass. From these composited hydrographs and variability envelope, 
the number, timing, and magnitude of hydrograph modes and the relative magnitude of summer flows 
provided readily distinguishable characteristics of the subclasses that fit patterns associated with drivers. 
Drivers considered included low-elevation snowmelt, high-elevation snowmelt, glacier melt (assumed to 
be accompanied by high-elevation snowmelt), rainfall (in various seasons), or a mixture of these processes. 
Preliminary inferred driver interpretations were then supported by basin and climate characteristics. Class 
and subclass mean basin elevations and glacier coverage helped verify the potential for high-elevation melt 
processes as a dominant driver. Mean monthly streamflow response to mean monthly basin temperature 
and precipitation for individual streamgages helped identify dominance of melt-based and rainfall drivers, 
respectively. Interpretation of drivers was also aided by viewing scatterplot pairs of subclass-averaged Pardé 
coefficients and monthly precipitation or temperature (similar to the precipitation-runoff polygons of Ali 
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et al. [2014]). A line connecting monthly scatterplot pairs showed periods of strong and weak correlation to 
the respective climate variables.

Using the associations between flow seasonality and streamflow drivers determined for mean daily stream-
flow, primary drivers for peak-flow populations within each subclass were assumed to correspond to low-el-
evation snowmelt in the spring, high-elevation snowmelt or glacier melt in the summer for high-elevation 
basins, and rain in winter, summer, or fall, depending on the subclass. Seasons are used as relative referenc-
es with spring and fall referring to the timing of bimodal crests in high daily flows or peak-flow density and 
summer referring to July plus parts of June or August to account for variations in timing between subclass-
es. ROS was considered as a separate process, but no ready means to identify groups of ROS peaks emerged 
because ROS events can occur over a range of seasons and overlap with other drivers.

To verify that the inference-based peak-driver determination reasonably reflected streamflow-generation 
mechanisms, the streamgage hydrograph closest to each subclass median was selected for comparison to 
weather records. For the day of, and up to 3 days preceding, the peak, daily mean streamflow patterns were 
compared to patterns in available daily temperature and precipitation records from U.S. (National Oceanic 
and Atmospheric Administration, 2019) and Canadian (R package weathercan, LaZerte & Albers, 2018) 
weather stations within the basin (Table S1). Rigorously verifying streamflow drivers for all peaks would 
have required characterization of basin weather and runoff-generation processes beyond the scope of this 
study, but weather patterns from these selected stations provided a first-order check on group assignment 
of peak-flow drivers.

4.  Results
4.1.  Seasonal Streamflow Regimes

Clustering resulted in three classes that captured primary differences in Alaska hydrograph shapes (Fig-
ure 2(a)) and had high-flow mode timing readily associated with streamflow drivers: a rainfall-dominated 
(Rain) spring-snowmelt/fall-rainfall regime, a snowmelt-dominated (Snow) spring-snowmelt/fall-rainfall 
regime, and a summer high-elevation-melt-dominated (High-elevation melt) regime. Most streams (83%) 
in the High-elevation melt class were glacierized. Each class split at least once to form nine subclasses that 
better captured the diversity of seasonal flow regimes (Figure 2(b)). Each primary class driver dominated 
one subclass (1A, 2D, and 3C, respectively). The remaining subclasses, and the preponderance of the indi-
vidual study streams (Figure 3), consisted of hybrid seasonal flow regimes from mixed drivers. Class mem-
bership of individual streams and position on the cluster dendrogram (Figure S2) are presented in Curran 
and Biles (2020).

Classes varied by overall seasonality (dependence on seasons, as measured by the range of Pardé coefficients; 
Table 1) and by the number, timing, and relative magnitude of modes (Table 1 and Figure 4(a)). Subclasses 
varied primarily by timing and magnitude of spring and summer flows (Figure 2(b) and Table 1). With-
in-subclass variability, as indicated by the width of the 10th–90th percentile flow envelope (Figure 4(a)), was 
slightly less for spring-snowmelt and summer high-elevation melt periods than for summer or fall-rainfall 
periods across all groups. High variability apparent during winter/spring periods in cold-winter subclasses 
relates to variations in low-flow drivers not addressed here and to measurement errors associated with 
flow under ice. Statistically compiled subclass median daily hydrographs (Figure 4(a)) were similar to the 
streamgage hydrographs closest to the medians (Table 1); both showed representative mode and intramode 
magnitude and timing. Day-to-day streamflow variability, seen as high-frequency oscillations in the hydro-
graphs, was greater during rainy periods. Seasonal flow regimes formed associations with basin character-
istics, primarily elevation, climate, and geographic location (Figures 5 and 6). Drainage areas spanned at 
least 1 order of magnitude within subclasses and overlapped between subclasses, confirming that seasonal 
patterns were not strongly controlled by basin size.

Streams in the Rain class mostly occurred in the South Coastal region (Figures 1 and 6). High annual precip-
itation, mean minimum January temperatures not far below freezing, and mean elevations generally below 
500 m (Figure 5) facilitated mild seasonality and rain-dominance. Streamflow was strongly positively corre-
lated with precipitation almost all year for subclass 1A and in fall and winter for subclass 1B (Figure 7(a)). 
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Snowmelt influence on daily flows increased from negligible in 1A to comparable to rainfall in 1B with 
increasing elevation and decreasing winter temperature (Figures 3–5).

In the Snow subclasses, snowmelt dominance increased across a latitudinal gradient of declining mean 
minimum January temperatures (Figures 4, 5, and 6). Streams in the mostly South Coastal, warmest-winter 
subclass (2A) had a mean annual basin precipitation of 2,800 mm and a snowmelt mode on average only 
slightly larger than the rainfall mode. In contrast, increasingly colder-winter 2B, 2C, and 2D had lower 
mean annual basin precipitation (dropping from 690 to 257 mm across the subclasses) and increasingly 
higher magnitude snowmelt modes. Subclass 2D streams, mostly located on the arctic North Slope (Fig-
ure 6), received little or no flow November–April and an average of 73% of the mean annual streamflow in 
May–June. For all Snow subclasses, mean monthly spring flows increased with increasing mean monthly 
temperature but decreased before temperatures reached a peak in July (e.g., 2B in Figures 7(b) and S3), 
indicating a dependence on the amount of frozen water available to melt. In selected subclass 2A basins, 
glaciers provided additional summer melt-based flow and generated a nearly flat-topped hydrograph where 
modes were difficult to discern. Although rainfall, on average, formed a secondary high-flow mode in all 
Snow subclasses, rainfall timing and influence varied (Table 1).

High-elevation melt class members rarely had mean basin elevations below 500 m and High-elevation melt 
became the exclusive class for basins with mean elevations above 1,100  m (Figure  5). The delayed and 
prolonged melt processes at high elevations with and without glaciers generated high midsummer (July) 
flows in all subclasses (Table 1 and Figure 2). The driest and coldest-winter subclass (3A) occurred in basins 
mostly along the Brooks Range (Figure 6), where glaciers were less common and were smaller than in less 

CURRAN AND BILES

10.1029/2020WR028425

8 of 21

Figure 2.  Group medians of mean monthly Pardé coefficients for (a) three classes and (b) nine subclasses of seasonal 
flow regimes for Alaska.

(a)

(b)
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Figure 3.  Hydrographs of normalized mean daily streamflow for nine Alaska seasonal flow regime subclasses, arranged by class. The y axis is shown on a 
linear scale.
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extreme climates. Subclass 3A hydrographs had a strong snowmelt pulse and were augmented by summer 
rain as well as high-elevation melt. In 3B and 3C, hydrographs had a more gradual snowmelt onset and 
variable influence of rain (Table 1). Glaciers were present in 38% of the study basins but were concentrated 
in subclasses 3B and 3C, which contained 75% of these and nearly all those having >8% glacier cover. The 

CURRAN AND BILES

10.1029/2020WR028425

11 of 21

Figure 4.  Diversity of seasonal patterns in mean daily and annual peak streamflow for nine seasonal flow regime subclasses in Alaska. (a) Envelope 
hydrographs of the 10th–90th percentile of mean daily streamflow, normalized by mean annual streamflow, and group median hydrograph (black line). 
Numbers indicate subclass size. (b) Annual peak streamflow, normalized by mean annual streamflow, plotted by day of year and colored by peak-streamflow 
population. Numbers indicate population size. (c) Density plots of annual peak-streamflow day of year. Vertical lines and dates mark the boundaries for 
populations in (b).
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magnitude and relative dominance of summer flows over early-season flows (Figure 4(a)) increased with 
percentage of subclass glacierized and with glacier cover across 3A, 3B, and 3C (Table 1), although glacier 
cover varied widely in 3B and 3C (Figure 5). In the most glacial subclasses (3B and 3C), flow increased with 
temperature throughout summer and declined more slowly relative to temperature in fall as precipitation 
increased (e.g., 3B in Figure 7(b)).

4.2.  Peak-Flow Populations

Aggregation of annual peak streamflows by subclass produced day-of-year density curves that showed 
strong to weak differentiation of 2–3 seasonal populations attributable to a dominant driver (Figures 4(b) 
and 4(c) and Table 2). Peaks grouped definitively into snowmelt and rainfall populations (Table 2) for sub-
classes having the most well-defined summer low-flow season (1A, 1B, 2A, 2B, and 2D). In the subclasses 
most strongly affected by summer rain (2C and 3A), peaks formed snowmelt and rainfall populations more 
difficult to differentiate because of the minimal gap between snowmelt and the onset of rainfall. The slight 
density curve inflection point used as group boundary in these subclasses likely misidentified some rain-
fall peaks as snowmelt peaks. In the most glacially affected subclasses, 3B and 3C, seasonal distinctions in 
density were also subtle (Figure 4(c)) but identified a third population, summer high-elevation melt peaks, 
between spring-snowmelt and fall-rainfall peaks. A local minima apparently differentiating summer and 
fall-rainfall peaks in 2B, 2C, and 3A was likely created by geographic differences in rainfall timing (2B and 
2C; Figure 3) or the range of Interior rainfall climatologies (2C) (Farukh et al., 2011; Papineau & Hollo-
way, 2011) and was beyond the scope of this study to resolve.

Variations between subclasses included the timing of snowmelt and rainfall-peak populations (Figure 4(c) 
and Table  2). The median date of spring-snowmelt peaks ranged from mid-May to mid-June, generally 
arriving later with colder-winter temperatures and higher mean basin elevations (Figure 5). The mix of 
summer, fall, and winter rain climatologies present made it difficult to generalize the factors controlling 
the differences in timing between subclasses. However, for the subclasses having the most discrete rain-
fall-peak populations (1A, 1B, and 2A), the median date of rainfall peaks varied from late September to 
early November, arriving later with warmer mean winter temperatures and lower mean basin elevations 
(Figure 5). The density of summer peaks also varied by subclass, increasing with glacier coverage from 
glacier-scarce 2 and 3A, where summer peaks did not form a separate population, to glacier-rich 3C, where 
summer peaks formed the densest population.
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Figure 5.  Values of selected basin characteristics for nine Alaska seasonal flow regime subclasses.
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The length of peak-flow seasons (Figure 4 and standard deviation in Table 2) varied by population and class. 
Melt-based peaks arrived in a shorter window than rainfall peaks, and Rain subclasses had the longest peak-
flow seasons. Subclasses 1A, 1B, and 2A each contained a substantial winter rainfall-peak subpopulation, 
and subclass 1B showed a nearly year-round peak-flow seasonality (Figures 4(b) and 4(c)).

For subclasses where rainfall and snowmelt peak populations were meaningful to compare (each popu-
lation >10% of total), mean rainfall peaks were consistently larger (relative to mean annual flow) than 
mean snowmelt peaks (Table  2). These differences were statistically significant (Mann–Whitney test on 
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Figure 6.  Geographic distribution of (a) three classes and (b) nine subclasses of seasonal flow regimes in Alaska.



Water Resources Research

logs of normalized peak flow, p < 0.05) even though each population magnitude had a large range with 
considerable overlap with the other populations. For subclasses with three populations, rainfall peaks were 
statistically significantly larger (p < 0.05) than spring and summer melt-based peaks. Summer melt-based 
peaks were statistically significantly larger (p < 0.05) than spring-snowmelt peaks for 3B but nearly equal 
to spring-snowmelt peaks for 3C.

4.3.  Streamflow Drivers

Primary peak-flow drivers (by peak-flow day-of-year density and number of peaks) matched primary 
daily flow drivers (by mode magnitude) for each subclass with a few exceptions (Tables 1 and 2). In 
subclass 2A, mean daily flows were weakly dominated by snowmelt, but rainfall peaks had a higher 
maximum density than snowmelt peaks and outnumbered snowmelt peaks by a factor of 3. Similarly, 
although snowmelt and rainfall high-flow modes in subclass 1B reached similar magnitudes, rainfall 
peaks outnumbered snowmelt peaks by a factor of 6. Annual hydrographs for the representative 1B 
streamgage showed that spring snowmelt often produced moderate to high flows for a period of days 
or much longer while fall rainfall produced pulses of high flows interspersed with much lower flows; 
both could average to similar mean daily magnitudes but fall precipitation more commonly produced 
the peak flow.
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Figure 7.  Examples of mean monthly streamflow–precipitation and streamflow–temperature patterns for selected 
seasonal flow regime subclasses: (a) Streamflow responds positively to precipitation in most months in subclass 1A 
and is decoupled from precipitation during the April–May snowmelt period in subclass 1B. (b) Streamflow responds 
positively to temperature in spring and then declines as melt sources are depleted in subclass 2B and responds 
positively from late spring through early winter in subclass 3C. The increase in fall Pardé coefficients over spring Pardé 
coefficients for the same temperature for 3C shows the additional influence of fall rainfall. Numbers correspond to 
months and are connected in order by the line. Plots for all subclasses are shown in Figure S3.

(a)

(b)
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Weather patterns on and near peak-flow dates for the streamgages closest to subclass medians (Table 1) log-
ically supported inferences of primary drivers for each daily high-flow mode and peak population in most 
cases, and no systemic patterns appeared in misclassified peaks. However, peaks showed a dependence 
on antecedent streamflow conditions generated by primary or secondary drivers. Except in single-domi-
nant-driver subclasses 1A and 2D, peaks frequently occurred as a short-term rainfall spike constructive-
ly added to relatively high antecedent daily flows driven by spring snowmelt, summer melt, or the fall 
rainy period. Conversely, for some low-elevation streams, peaks occurred when snowmelt contributed to a 
rain-dominated background flow.

5.  Discussion
The seasonal flow regime classes we identified are consistent with primary flow regime categories in many 
studies of parts of Alaska or neighboring areas of Canada (Déry et al., 2009; Edwards et al., 2013; Sergeant 
et al., 2020; Wiley & Curran, 2003) except that we combine most glacial regimes with other high-elevation 
regimes, similar to descriptions by Chapman (1982). The subclasses served as effective bins for identifying 
drivers of peak-flow seasonality not confidently discernible from individual streamgage records, especially 
short records, although misclassifications were likely where variable rain seasonality or closely spaced sea-
sons limited population resolution. Although not intended to capture all components of the flow regime, 
the classes and subclasses provide insights into variables associated with the seasonal distribution of flow, 
streamflow regionality, and stream sensitivity to climate change, and characteristics of the peak-flow popu-
lations help inform approaches for flood-frequency analysis.

5.1.  Influences on Seasonal Flow Regimes and Peak Flows

Winter streamflow, represented by February flows in the cluster analysis, formed a first-order variable 
for classifying Alaska seasonal streamflow patterns, definitively separating the mildly seasonal Rain 
class from the strongly seasonal, melt-based classes during clustering and PCA (Figures 3 and S1). Flood 
seasonality was strongly influenced by winter conditions: 21% of peaks in the Rain class arrived in De-
cember–February, compared to less than 1% in the melt-based classes. Cold-winter temperatures provide 
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Class Subclass

Number of peaks (% of 
total)

Median peak date (standard deviation in 
days)a

Timing of rainfall 
peaks

Mean normalized peak-flow 
magnitudeb

Snow

High-
elevation 

meltc Rain Snow

High-
elevation 

meltc Rain Snow

High-
elevation 

meltc Rain

Rain 1A 5 95 n/ad 1 Nov. (46) Fall and winter n/ad 18.7

1B 13 87 11 May (23) 17 Oct. (50) Fall and winter 7.4 10.9

Snow 2A 23 77 28 May (19) 28 Sept. (35) Fall 4.4 8.9

2B 63 37 29 May (18) 29 Aug. (34) Summer and fall 10.4 12.0

2C 63 37 26 May (14) 16 July (27) Summer 19.8 27.2

2D 97 3 8 June (7) n/ad n/ad 34.8 n/ad

High-elevation 
melt

3A 66 34 10 June (13) 24 Aug. (31) Summer and fall 12.4 17.1

3B 40 21 39 20 June (17) 10 Aug. (9) 22 Sept. (21) Fall 4.5 6.6 8.0

3C 19 57 24 18 June (8) 30 July (15) 16 Sept. (18) Fall 7.2 6.8 8.7
aThe highest-density population is shown in bold font. bPeak flow normalized by mean annual flow. cCells are blank where no population was identified. dA 
population was identified but is too small to characterize.

Table 2 
Peak-Flow Population Size, Timing, and Magnitude for Nine Seasonal Flow Regime Subclasses in Alaska
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an important control by facilitating storage of precipitation as snow (Lader et al., 2020) and limiting win-
ter streamflow generation. These low antecedent streamflow conditions can provide a buffer against the 
flood potential of any temporary melt or rainfall-driven streamflow increases and can explain why even 
extreme rainfall might not generate flooding if arriving during a period of relatively low flows (Papineau 
& Holloway, 2011).

Summer streamflow was a defining characteristic for many subclasses (Table 1), forming annual lows in 
subclass 1A, annual highs in High-elevation melt subclasses, and a secondary low for most other subclasses. 
Varied and complex factors, including the timing of rainfall, availability and amount of meltwater runoff, 
evapotranspiration, and soil moisture, can affect summer streamflow.

The presence of mountainous areas, generally well represented by mean basin elevation, strongly influ-
enced hydrograph shape and peak-streamflow drivers via generally elevation-dependent melt delay (Lun-
dquist et al., 2004) and orographically induced rainfall. Mean basin elevation was better at differentiating 
subclasses than amount of glacier cover. Not surprisingly, however, the most strongly glacierized basins 
produced the most summer-dominated daily flows and an identifiable population of summer peaks. Oro-
graphically induced rainfall influenced summer or fall flows, depending on rainfall seasonality. This was 
demonstrated in streams above the Arctic Circle, which classified into three increasingly rainfall-influ-
enced subclasses as the amount of basin headwaters located in the Brooks Range increased. Basins on 
the coastal plain (2D) were dominated by a short season of snowmelt-driven daily flows and peak flows. 
In basins mostly within the Brooks Range (3A), summer rainfall contributed to higher summer flows and 
more rainfall peaks than on the coastal plain, consistent with the findings of Kane et al. (2008). Arctic 
streams draining a partly mountainous/partly plain basin on either side of the Brooks Range (2B) showed 
a hydrograph influenced by rainfall less than for the mountainous streams and more than for the coastal 
streams.

5.2.  Geographic Distribution of Seasonal Flow Regimes

Seasonal flow regime distribution revealed spatial coherence that implied a degree of geographic regionali-
ty, complicated by spatial overlap that limited simple regional definition. Spatial footprints for each subclass 
ranged from narrow (1A, 2D) to widespread (2B) (Figure 6(b) and centroid latitude in Figure 5). However, 
no major geographic or climate region (South Coastal, Interior, or Arctic) hosted only one seasonal flow 
regime, even at the class level (Figure 6(a)). The southeast Alaska panhandle, for example, contained at 
least one stream in six of the nine subclasses. Comparison to detailed Alaska climate divisions (Bieniek 
et al., 2012) also produced no widespread associations. The strong influence of mean basin elevation on 
seasonal flow regimes suggests that coupling elevation with geographic location could improve partitioning 
of streams into hydrologically relevant regions. For example, the distribution of subclasses identifies two 
primary hydrologic regions at lower elevations, a largely fall-rainfall-dominated South Coastal region (sub-
classes 1A, 1B, and 2A) and a spring-snowmelt-dominated Interior-and-Arctic region (2B–2D), and a sum-
mer high-elevation-melt-dominated region (3A–3C) at higher elevations across the state. Refining regional 
boundaries would need to consider other elements of the flow regime (Poff et al., 1997) and might be facili-
tated by modeling efforts that apply flow regime classifications to the landscape (e.g., Sergeant et al., 2020).

5.3.  Implications for Stream Sensitivity to Climate Change

Evidence for climate-change-related streamflow shifts is widespread across northern cold regions, includ-
ing changes in seasonal mean daily flow magnitude (Matti et al., 2017) and shifts in flood seasonality (Déry 
et al., 2009; Matti et al., 2017; Ryberg et al., 2016; Valentin et al., 2018; Vormoor et al., 2016) that differ by 
flow regime. The subclasses we identified can be considered nodes along a complex continuum of stream-
flow response to mixed flow drivers. We assume from the narrow range of either winter temperatures or pre-
cipitation for each subclass (Figure 5) that seasonal streamflow patterns isolated climate patterns to some 
degree. As climate changes, changing streamflow drivers can produce shifts within or along that continuum 
to a new node, as suggested by the identification of transitional flow regimes in Gulf of Alaska basins (Ser-
geant et al., 2020). For this study, overlap between subclasses depicted on PCA plots (e.g., Figure S1) and 
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weak subclass fidelity of some streams during exploratory analysis also suggests that some streams are near 
a subclass boundary. The immediate likelihood of a shift is lower where environmental extremes provide 
buffers that can prolong driver dominance, such as for snowmelt-dominated streams on the North Slope 
(2D) or strongly glacierized basins (3C). The lowest-elevation streams within strongly hybrid subclasses 
(e.g., 1B, 2A, 2B, and 3B) thus might be among the most vulnerable to regime change given the warming 
of more than 2°C in the hottest temperatures and more than 5°C in the coldest temperatures expected in 
Alaska by midcentury relative to 1981–2000 (Markon et al., 2018).

Associations of clusters with basin elevation, winter temperature, and precipitation provide useful compar-
isons for understanding likely regime progressions under climate change. Using decreasing elevation as a 
proxy for warming supports expected progressions from high-elevation melt dominated to snowmelt domi-
nated, and from snowmelt dominated to rainfall-dominated (e.g., Littell et al., 2018), as climate warms (Fig-
ure 5). For a visualization of a possible regime progression, consider glacierized basins across an elevation 
and January mean minimum temperature gradient in 3C, 3B, and 2A. The warm hydrological season (the 
period outside the cold-induced low-flow period) lengthens, and maximum daily flows arrive earlier, on 
average, across this gradient (Figure 4(a) and Table 1), in general agreement with expected changes in gla-
cier runoff (Huss & Hock, 2018). Summer streamflow decreases and winter streamflow increases. In some 
subarctic systems, winter base-flow increases may result from increased glacier melt that enhances aquifer 
recharge (Liljedahl et al., 2017). The most common season for peak flows shifts across the warming gradient 
from summer to spring and fall, and the peak-flow season lengthens (Figures 4(b) and 4(c)). Similarly, a 
progression from snowmelt to rainfall dominated in the high-precipitation environments of South Coastal 
Alaska can be visualized between 2A and 1B and between 1B and 1A. In the warmer subclass of each pair, 
spring and summer flows are lower, winter flows are higher, and peak flows are less frequent in spring and 
more frequent in winter, similar to some of the climate-induced flow regime shifts observed in Scandinavia 
(Matti et al., 2017; Vormoor et al., 2015). These examples can provide support for modeling projected flow 
regimes shifts (e.g., Beamer et al., 2017; Crumley et al., 2019; Valentin et al., 2018), both in terms of verifica-
tion of modeled historical conditions and comparisons of modeled future conditions.

5.4.  Implications for Flood-Frequency Analysis

Mixed peak populations for a single stream can complicate flood-frequency analysis, which assumes peaks 
are random and homogenous (England et al., 2019). A mixed-population condition arises from differing 
frequency distributions of peak populations and can in many cases be addressed by analysis that separates 
peaks by process (England et al., 2019). The seasonal classification of peaks described here helps identi-
fy regimes in which mixed populations might have an impact on flood-frequency analysis. For example, 
the largest difference in mean normalized peak magnitude between snowmelt and rainfall populations 
occurred in subclass 2A, where snowmelt peaks were less numerous and considerably smaller. In this case, 
existing techniques for managing potentially influential low outliers might resolve the mixed-population 
differences. In contrast, most peaks in subclass 2C are snowmelt driven but rainfall peaks are larger, on 
average, and might warrant consideration of mixed-population analysis. Further analysis of rainfall peaks 
would be needed to show the degree to which rainfall-peak populations for some regimes are influenced by 
extreme precipitation events driven by ARs, as for the western United States (Barth et al., 2017).

5.5.  Limitations

Possible biases in the data set include underrepresentation of regimes not well represented by gaging, found 
to include very small basins (<10 km2) and high-elevation basins in a study for the conterminous United 
States (DeWeber et al., 2014). We expect that the study data set represented at least the primary streamflow 
drivers for these regimes. However, the lack of a groundwater-dominated or wetland streamflow class, de-
spite several hydrographs with low-variability low-flow regimes and one relatively seasonless hydrograph 
(Figure 3, subclass 1B), conflicts with identification of a wetland class using modeled data for Gulf of Alas-
ka basins (Sergeant et al., 2020). We do not expect groundwater to form a high-flow or peak-flow driver, but 
groundwater could be considered a driver of low flows and was not well characterized by this study. Also, 
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although one outlet stream of a large lake showed a strongly delayed and attenuated hydrograph likely 
associated with temporary storage (Figure 3, subclass 3B), we could not detect a consistent pattern for lake 
outlets across the study data set.

Other limitations of identifying flow regimes from gaged streams include misclassification arising from 
local variations in streamflow. Hard clustering, unlike soft or fuzzy clustering, cannot identify strength of 
membership, which can make it more difficult to identify potentially misclassified or transitional members. 
Considering the data set and these misclassification limitations, we expect that the cluster results are suita-
ble for identifying the primary diversity of seasonal streamflow patterns across Alaska and less reliable for 
identifying individual stream membership.

6.  Conclusions
Clustering historical mean monthly streamflow patterns from 253 streamgages produced a systematic state-
wide characterization of seasonal flow regimes across the wide range of Alaska geography and climate. We 
identified nine seasonally distinct subclasses that nest into three classes dominated by rainfall, snowmelt, 
and high-elevation snowmelt or icemelt, respectively. These subclasses helped isolate the range of influence 
of snowmelt and glaciers in the mostly mixed seasonal flow regimes of Alaska, indicating that assessing 
changes to snow accumulation and melt timing and changes to glacier cover are an important aspect of un-
derstanding streamflow change in response to climate change. Snowmelt dominated high-flow modes and 
peak-flow populations in many streams, but in South Coastal Alaska, snowmelt had minimal influence on 
peak flows in low-elevation streams and larger influence on high-flow modes than peak-flow populations in 
many moderate-elevation streams. Glacierized basins outside the summer high-elevation-melt-dominated 
class have, on average, less glacier cover, milder annual seasonality, and less prominent summer high flows 
than glacierized basins in the high-elevation melt subclasses. Streamflow seasonality showed clear but com-
plex dependencies on basin characteristics, especially winter temperature and elevation, which respectively 
suggest potential seasonal flow regime progressions with warming temperatures and a variable important 
for examining hydrologic regionality. The range of seasonalities and the mixes of streamflow drivers identi-
fied here indicates the utility of categorizing similar streamflow patterns as a basis for developing effective 
analysis of seasonal or peak flows. The characterization of streamflow drivers helps focus expectations for 
hydrologic change associated with climate change and identify regional hydrologic variability.

Data Availability Statement
Streamflow data used for this study are available from NWIS at https://nwis.waterdata.usgs.gov/ak/ nwis/sw,  
and additional supporting data are available in a USGS data release (Curran & Biles, 2020).
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