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Abstract Permafrost in the Arctic regions is degrading in response to decades of amplified warming.
Advanced degradation of ice‐rich permafrost could significantly alter the water balance by increasing
runoff and flooding. How do the hydrological changes in river systems, in turn, affect the permafrost thermal
state, specifically in floodplains? First, we develop a first‐order heat budget approach to simulate evolving
river‐water temperature. The river‐water thermal model includes heat exchanges at both the air‐water and
water‐subsurface interfaces and can accurately estimate water temperature. Then, river‐water temperature
is employed as an upper boundary condition for the control volume permafrost model, which models the
thermal state of shallow permafrost. The combined model is validated and applied in the Kuparuk River
floodplain, Alaska. Results indicate that permafrost warms rapidly during inundation and that channelbelt
active layer thickness can deepen by more than 1 m. We find that earlier arrival of the spring freshet and
associated earlier inundation onset, as well as increase in river discharge, can significantly increase
subsurface permafrost temperature and lead to a deepening of the active layer. In recent years Kuparuk
River streamflow has arrived earlier, and mean annual river discharge has increased by 35% since the 1970s.
New permanent water and seasonal water appeared throughout the river network of the Kuparuk River
since the 1980s according to satellite observations. These hydrological changes likely have contributed to the
expansion of riverbed thaw bulbs and the degradation of floodplain permafrost.

1. Introduction

Globally, the average surface temperature increased 0.85 °C during 1880–2012 (Stocker et al., 2013), yet the
Arctic has warmed more than twice as fast as the global average (Cohen et al., 2014; Polyakov et al., 2002),
leading to the dramatic melting of sea ice, glaciers, and snow cover, as well as permafrost degradation
(Serreze & Stroeve, 2015; Stocker et al., 2013; Zhang et al., 2005). Permafrost, the area with soil temperatures
that remain below 0 °C for at least two consecutive years, underlies approximately 24% of the exposed land
area of the Northern Hemisphere (Zhang et al., 1999). Climatic change has resulted in an increase of perma-
frost temperature, a decrease of permafrost extent, and deepening of the active layer across the Arctic during
the past half century (Streletskiy et al., 2015). Arctic hydrology also exhibited extensive responses to climate
warming. Land‐based ice melt, precipitation, and river runoff are all increasing under the current climatic
trends (AMAP, 2017; McClelland et al., 2006; Overeem & Syvitski, 2010; Pavelsky & Zarnetske, 2017;
Peterson et al., 2002), resulting in an increased freshwater volume draining into the Arctic Ocean (Haine
et al., 2015).

Strong interactions are to be expected between Arctic permafrost and hydrological processes. Alterations in
the permafrost conditions can impact the hydrological system through surface infiltration, soil drainage, and
subsurface flow, leading to changes in groundwater dynamics and surface runoff (Yamazaki et al., 2006;
Walvoord et al., 2012; T. M. Jorgenson et al., 2013; Koch et al., 2013; Walvoord & Kurylyk, 2016; Evans &
Ge, 2017). Permafrost degradation will trigger increasing interactions between surface and groundwater
water, as well as changes in water storage (Lamontagne‐Hallé et al., 2018; Walvoord & Striegl, 2007). In dis-
continuous permafrost regions, increased hydrogeologic connectivity results inmore groundwater that flows
to the downgradient river (Lamontagne‐Hallé et al., 2018). Enhanced surface‐groundwater interactions
could also lead to the loss of lake water and the shrinking of lakes (Chen et al., 2013; Li et al., 2013; Nitze
et al., 2017). As a consequence, the Arctic terrestrial fresh water system under continued permafrost thaw
will likely transform from a surface‐water‐dominated system to a groundwater‐dominated system in many
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areas of the Arctic (Frey &McClelland, 2009). Thawing ice‐rich permafrost has the potential to increase sedi-
ment loads and alter geochemistry of streams, affecting water quality and even the river biota (Chin et al.,
2016; Kokelj et al., 2013; Rudy et al., 2017).

Changes in hydrological processes, in turn, can profoundly affect permafrost conditions. Natural evolution
and drainage of thaw lakes significantly disturb permafrost thermal state (Ling, 2004; Matell et al., 2013).
Presence of groundwater flow may reduce permafrost thickness and enhance permafrost degradation
(Mckenzie & Voss, 2013; Rowland et al., 2011). Flooding and inundation of the floodplain provide input
of heat into the subsurface that warms the frozen ground. In addition, significant flood deposition of sand
and silt on the floodplain impacts vegetation, preventing the formation of an insulating organic layer and
thereby enhancing the warming of the underlying permafrost and the deepening of the active layer
(Jorgenson et al., 1998; Viereck, 1973). Occasional or annual river inundation can prevent the development
of permafrost beneath the riverbed (Brosten et al., 2009; Viereck, 1970). The depths of thaw bulbs beneath
Arctic streams have been found to increase from the channel edges to the middle of a river (Bradford
et al., 2005; Brosten et al., 2006). Warm flood water transfers heat into soil, leading to the increase of soil tem-
perature or even the thawing of existing permafrost beneath the river floodplains in interior Alaska
(Viereck, 1973).

Current understanding of the complex interactions between climate, permafrost, and hydrology remains
inadequate due to the lack of climatic and hydrometric measurements in cold regions (Woo et al., 2008).
Here, we ask how permafrost conditions are different within floodplain corridors as compared to the sur-
rounding environment. Together with earlier snowmelt (AMAP, 2017; Tan et al., 2011), Arctic rivers have
exhibited trends toward earlier river breakup and later river freezeup dates, reduced ice‐cover duration,
and increasing discharge and water temperature (Magnuson et al., 2000; Overeem & Syvitski, 2010; Park
et al., 2017; Pavelsky & Zarnetske, 2017). Projected changes in the timing and magnitude of snowmelt runoff
and the Arctic river‐ice conditions may result in earlier timing of flood inundation and possibly affect further
downstream river reaches (AMAP, 2017). How do these changes in timing and magnitude of river inunda-
tion impact the floodplain and delta plain permafrost conditions?

Here, we seek to understand how Arctic river inundation affects permafrost thermal state. Specifically, we
develop a first‐order approach to simulate evolving river‐water temperature over the inundation period.
Then, river temperature is employed as the upper temperature boundary condition in a permafrost model,
which predicts the thermal state of the shallow subsurface permafrost. Our combined model is applied
and validated for downstream reaches of the Kuparuk River, Arctic Alaska. Finally, we run simulations to
investigate the response of permafrost temperatures and the active layer to changing flood timing and
river discharge.

2. Methodology

Measurements of river water temperatures Tw are sparse, and when available, temperature is often discon-
tinuously recorded in the Arctic region. To circumvent the data sparseness, we develop a one‐dimensional
heat‐balance model to simulate Tw driven by atmospheric and hydrologic observations. Over the inundation
period, Tw is substituted for the “dry land” ground surface temperatures Tg and serve as the upper boundary
condition for a control volume permafrost model (CVPM; Clow, 2018a). We calculate permafrost tempera-
ture and active layer thickness (ALT) using CVPM. All model parameters are listed in Table 1.

2.1. River‐Water Thermal Model

Our quantitative model of river temperature Tw is based on a heat budget approach (Figure 1). Heat fluxes
considered in the model include net surface shortwave solar radiation (Hsr), net longwave radiation (Hlr),
latent heat (Hl) due to evaporation and condensation, convective heat (Hc), and riverbed heat flux (Hb;
Hebert et al., 2011). With these terms, the net heat balance of the water body ΔHw is

ΔHw ¼ Hsr þ Hlr þHl þ Hc þHb: (1)

Surface net solar radiation Hsr at the water surface is expressed as the direct solar irradiance penetrating the
water surface, that is, the difference between incoming solar radiation (His) and reflected solar radiation
(Hrs), or
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Hsr ¼ His−Hrs ¼ 1−Rð ÞHis; (2)

where R represents the water surface albedo.

Longwave radiation includes the radiation emitted by the atmosphere, water surface, and vegetation. We
assume the vegetation canopy effect is negligible for the northernmost Arctic river floodplains. Net longwave
radiationHlr at the water surface is then the difference between atmospheric downward longwave radiation
(Hdl) and the longwave radiation emitted from the water surface (Hel),

Table 1
Model Parameters

No. Parameter Definition Units

1 Hsr Surface net solar radiation W/m2

2 Hlr Surface net longwave radiation W/m2

3 Hl Surface latent heat W/m2

4 Hc Surface convective heat W/m2

5 Hb Riverbed heat flux W/m2

6 His Incoming solar radiation W/m2

7 Hrs Reflected solar radiation W/m2

8 Hdl Downward longwave radiation W/m2

9 Hel Emitted longwave radiation W/m2

10 Hw Net heat balance of the water body W/m2

11 Ta Surface air temperature °C
12 Tg Ground surface temperature °C
13 Ts Soil temperature °C
14 Tb Temperature gradient of riverbed °C/m
15 Uw Wind speed m/s
16 P Atmospheric pressure mm Hg
17 r Relative humidity —

18 R Water surface albedo —

19 es Saturated vapor pressure at the water surface mm Hg
20 ea Atmospheric water vapor pressure mm Hg
21 Σ Stefan‐Boltzmann constant W/m2 K‐4

22 a Fraction of radiation absorbed in water —

23 b Fraction of radiation absorbed in riverbed —

24 f Attenuation coefficient m‐1

25 h Water depth M
26 z Soil depth M
27 t Time Day
28 ρw Density of water kg/m3

29 cw Heat capacity of water J·kg‐1·°C‐1

30 L Soil depth of zero annual amplitude m
31 Tc Soil temperature at L °C
32 ks Thermal conductivity of mineral grains W·m‐1·°C‐1

33 ρs Density of mineral grains kg/m3

34 cs Heat capacity of mineral grains J·kg‐1·°C‐1

35 S0 Heat‐production rate extrapolated to surface mW m−3

36 hs Heat‐production length scale km
37 Φ0 Porosity extrapolated to surface —

38 Φc Critical porosity —

39 hc Compaction length scale km
40 Sr Degree of pore saturation —

41 xs* Mole fraction of solutes extrapolated to zero ice —

42 λ Interfacial melting parameter μm K1/3

43 d1 Effective diameter of larger mode pores μm
44 d2 Effective diameter of smaller mode pores μm
45 n2/n1 Number of small pores/number of large pores —

46 Q Discharge m3/s
47 S River stage m
48 G Gauge height m
49 G0 Gauge height offset m
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Hlr ¼ Hdl−Hel: (3)

The emitted longwave Hel can be calculated using the Stefan‐Boltzmann Law (Gao & Merrick, 1996) and an
emissivity value of 0.97 for water (Anderson, 1954),

Hel ¼ 0:97σ Tw þ 273:15ð Þ4; (4)

where σ is the Stefan‐Boltzmann constant (5.67 × 10‐8 W·m‐2·K‐4) and Tw is in degrees Celsius.

Latent heatHl contributed by evaporation or condensation at the air‐water interface can be expressed by the
following equation (Hebert et al., 2011),

Hlh ¼ Aþ BUwð Þ ea−esð Þ; (5)

where A and B are empirical constants derived from rigorous field measurements, Uw is the wind speed
(m/s) at the water surface, es is the saturated vapor pressure (mm Hg) at the water surface, and ea is the
atmospheric water vapor pressure (mm Hg), which can be computed from the water temperature Tw and
air temperature (Ta; Troxler & Thackston, 1977; Fritz et al., 1980),

es ¼ 25:37e17:62−5271= Twþ273:15ð Þ; (6)

ea ¼ 25:37e17:62−5271= Taþ273:15ð Þr: (7)

Here, r is the relative humidity.

The surface convective heat flux Hc is the rate of sensible addition or removal of heat from the water to the
overlying atmosphere. To find Hc, we use the function given by Hebert et al. (2011),

Hc ¼ 3:66þ 1:83Uwð Þ Ta−Twð ÞP=1; 000; (8)

which is based on the Bowen ratio (the ratio of sensible to latent heat flux; Bowen, 1926); P is atmospheric
pressure (mm Hg).

The heat flux between river water and the riverbed is potentially a significant control on water temperature
Tw, especially in shallow rivers, and perhaps even more so in rivers in permafrost terrain. Riverbed heat flux
Hb consists of the amount of solar radiation absorbed by the bed material and the thermal conduction into
the riverbed (Webb & Zhang, 1997),

Hb ¼ − 1−Rð ÞHis 1−að Þ 1−bð Þe−fh−ksΔTb; (9)

where a and b are the fractions of radiation absorbed by water and riverbed, respectively; f is the attenuation
coefficient; h is water depth (m); and ΔTb is the temperature gradient at the riverbed

found from a simple one‐dimensional heat diffusion model (implemented as a finite difference code). The
heat conduction equation for the riverbed can be written as (Hondzo & Stefan, 1994)

Figure 1. Schematic of the river water heat budget model.
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ks
∂2Ts z; tð Þ

∂z2
¼ ρscs

δTs z; tð Þ
δt

; (10)

where Ts(z,t) is subsurface temperature beneath the riverbed; z and t indicate depth (m) and time (s),
respectively; and ks, ρs, and cs are the thermal conductivity (W·m‐1·°C‐1), density (kg/m3), and heat capacity
(J·kg‐1·°C‐1) of the floodplain and channel bed deposits, respectively. The subsurface layer is bounded by a
pair of parallel planes where z = 0 indicates the ground or channelbed surface and z = L indicates the depth
of zero annual amplitude at which point the permafrost temperature Tc is constant year around,

Ts 0; tð Þ ¼ Tw; (11)

Ts L; tð Þ ¼ Tc; (12)

∂Ts z; tð Þ
∂t

�
�
�
�
z¼L

¼ 0: (13)

Generally, the water temperature Tw variability along a river is small compared to its temporal changes
(Hebert et al., 2011). A one‐dimensional model for a well‐mixed river with vertically homogeneous Tw, as
we assume is justified for shallow rivers on the Alaska North Slope, can be expressed by

dTw

dt
¼ ΔHw

hcwρw
; (14)

where cw and ρw are heat capacity (J·kg‐1·°C‐1) and density (kg/m3) of the river water, respectively. The
initial water temperature is assumed to be 0 °C considering the mixture of ice and water directly after the
river breakup. The river temperature model code is available in the permafrost modeling toolbox in both
Matlab and Python versions (Overeem et al., 2018; https://github.com/permamodel).

2.2. Control Volume Permafrost Model

To investigate the permafrost thermal state of seasonally flooded river and delta floodplains, we need to
propagate the simulated water temperature Tw as the upper boundary condition into a model that predicts
permafrost temperature with depth (CVPM). CVPM is a nonlinear heat‐transfer model for permafrost
terrain recently developed by Clow (2018a). The model assumes advective heat flux is negligible compared
to the diffusive heat flux, so that the enthalpy flux becomes a function of bulk thermal conductivity and
temperature gradient. Unfrozen water contents below 0 °C are found taking in account interfacial, grain‐
boundary, curvature, pore‐water solute, and pressure effects. The model domain is highly flexible and can
be set for a variety of dimensions, temporal and spatial scales. CVPM's numerical implementation is based
on the control‐volumemethod; namely, the model domain can be divided into discrete control volumes over
which a given substrate is relatively uniform. Soil temperature Ts is computed at points located in the center
of the control volumes, while the heat fluxes are computed at control‐volume interfaces. CVPM is designed
to account for a large variety of materials including deposits typical of river floodplains, such as organic rich
materials, fine‐grained sedimentary materials, sand, and gravel. Input variables required for CVPM include
the initial conditions, boundary conditions (temperature or heat flux), and a number of parameters
specifying the thermophysical properties of the soils or sedimentary materials (Table 1, No. 32–45).
Output variables include soil temperature Ts, thermal diffusivity, volume fraction of ice, and liquid water
content. For a detailed description of the physical basis of the CVPM model, we refer to Clow (2018a).
The model code and user's manual (Clow, 2018b) are available at GitHub (https://github.com/csdms‐con-
trib/CVPM/tree/v1.1).

All simulations for this study are one dimensional (vertical), even for the applications across the channelbelt
and floodplain, as CVPM does not currently allow an undulating topographically variable upper boundary in
two‐dimensional implementations. Measured ground surface temperature Tg, or water temperature Tw
when either the channel contains water or the floodplain is inundated, serves as the upper boundary condi-
tion for the permafrost model. Then, subsurface thermal simulations are conducted to a depth of 70 m while
the lower boundary heat flux is set to zero. The depth resolution of the model grid is 0.01 m for the upper 9 m
and 6 m below that. It is an intractable problem to estimate a realistic initial condition in the absence of
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continuous deep soil temperature measurements. One common strategy, which we employ as well, as an
alternative for direct observations is to establish an equilibration profile with long‐term ground temperature
records (Riseborough et al., 2008). In this study, an initial subsurface temperature profile is established by a
100‐year spin‐up procedure with repeated annual ground surface temperature Tg cycles.

3. Model Validation and Application, Kuparuk River Delta
3.1. Site Description

Climate and hydrological measurements are limited in the Arctic region. The Kuparuk fluvio‐deltaic plain
located on the North Slope of Alaska is selected to validate the combined model and conduct simulations
because it has been relatively well researched and has a long‐term record of hydrologic measurements.
The Kuparuk River flows northward across the Arctic Coastal Plain to the Beaufort Sea (Figure 2). The
watershed (8,421 km2) is underlain by continuous permafrost (Lachenbruch & Marshall, 1986) and has a
maximum elevation of 263 m (Déry et al., 2005). Permafrost thickness ranges from less than 200 m near
the foothills to over 600 m near the coast in the Prudhoe Bay area (Lachenbruch et al., 1988). The coastal
plain is dominated by ice‐wedge polygons, thermokarst lakes, and sedge tundra (Taras et al., 2002).
Snowfall accounts for about 50% of the annual precipitation and may occur at any time of the year in the
Kuparuk River Basin (Déry et al., 2005). River flow in the headwaters typically begins in late May while
the freshet arrives at the coast by early June. Freezeup season typically begins in mid‐September, but some
water may flow until October (McNamara et al., 1998). Daily river dischargeQ has beenmeasured at the U.S.
Geological Survey (USGS) hydrologic station 15896000 (70°16′54″N, 148°57′35″W) since May 1971. River
temperature Tw has been measured discontinuously at the same site. Hydrological data for this study were
obtained at the USGS Water Data website (https://waterdata.usgs.gov/nwis/uv?15896000). No air tempera-
ture Ta or soil temperature Ts measurements are available in the Kuparuk River or its delta. Fortunately,
daily Ta and Ts have been recorded at a nearby combined meteorological and permafrost monitoring station
(Deadhorse, 70°09′42.4″N, 148°27′49.6″W) since 2001. The Deadhorse station located near Prudhoe Bay is
maintained by the Geophysical Institute of the University of Alaska Fairbanks and is about 20 km away from
the USGS hydrologic station.

We use temperature measurements from the Deadhorse station over 8 years (2001–2008) and establish an
average temperature regime for that period, which is then repeated for 100 years to spin up the CVPMmodel
and arrive at a representative initial temperature profile for our subsequent simulations. Our subsequent
experiments are driven by climate data over the period 2009–2017.

Mean‐annual air temperature Ta and ground surface temperature Tg at the Deadhorse station over
2009–2017 were −9.96 °C and −2.83 °C, respectively. Generally, Ta and Tg are close from May to
September, while Tg is about 11 °C higher than Ta from October to April due to the insulating effect of
the seasonal snow cover (Zhang, 2005; Figure 3a). The watershed is covered with snow for 7–9 months
(McNamara et al., 1998). River runoff peaks are associated with spring snowmelt, with secondary contribu-
tions due to summer rainfall (Déry et al., 2005). Snowmelt occurring between mid‐May and mid‐June is the
most significant hydrologic event of the year and provides about 70% of the river's annual runoff into the
Arctic Ocean (McNamara et al., 1998).

River stage S is a crucial parameter in the water temperature Tw simulations; however, it is not provided
directly by the USGS data repository. Upon request, research hydrologists at the USGS in Anchorage pro-
vided the stage‐discharge rating curve for the USGS hydrologic station. From this curve, the river stage
can be back‐calculated as (Figure 3b)

S ¼ G−G0 ¼ 1:173ln Qþ 253:3ð Þ−6:2; (15)

where G is gauge height (m); G0 stands for the gauge height offset (8.02 m; Figure 3b).

3.2. Model Validation

Water temperature Tw simulated by the river‐water thermal model is validated against observations over the
2014–2016 time period. Sources for the input variables are listed in Table 2. Air temperature Ta and dis-
charge Q records are obtained from the University of Alaska Fairbanks Deadhorse permafrost‐monitoring
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station and the USGS Kuparuk hydrologic station, respectively. Other meteorological parameters are
obtained from the ERA‐Interim reanalysis (79‐km grid spacing) provided by the European Centre for
Medium‐Range Weather Forecasts (Dee et al., 2011), which is the currently recommended data set for the
Alaskan North Slope (Lader et al., 2016). Water surface albedo R is set to 0.2, as is found to be typical for
shallow water gravel bed and turbulent rivers in British Columbia, Canada (McMahon & Moore, 2017).
Deposits in the Kuparuk floodplain are predominately sand and gravel (Shiklomanov & Nelson, 1999).

Figure 2. (a) Map showing the location and elevations of the Kuparuk River floodplain and delta. The top right insert
shows permafrost distribution in Alaska and the location of the Kuparuk River watershed (red area). Surface elevations
are from the ArcticDEM (Porter et al., 2018; https://www.pgc.umn.edu/data/arcticdem/). (b) Location of the U.S.
Geological Survey (USGS) hydrologic station 15896000 and the river cross‐section P‐P′ used in sections 3.4 and 4.3 (black
line). The base map is a Sentinel‐2 image acquired on 29 July 2017, obtained from the Copernicus Open Access Hub
(https://scihub.copernicus.eu/). (c) Photograph showing the Kuparuk River and the adjacent floodplain at the USGS
hydrologic station (photograph taken by Jason Baker, USGS Fairbanks field office, 12 June 2013).
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Morphologically, the Kuparuk River is considered to be similar to the Canadian rivers. Soil depth of zero
annual amplitude L is the depth at which soil temperature Ts is constant (Tc) and is thus unaffected by
seasonal ground surface temperature Tg variations. Since no in situ soil temperature records are available
in the riverbed, Tc is assumed to be −5 °C at ~30 m as determined from sensitivity tests run with CVPM
forced by the daily mean Tg over 2009–2017.

Onset and end date of water occurrence are determined by the first and last day with discharge Q > 1 m3/s.
Accordingly, river flow and inundation lasted from mid‐May to mid‐November during 2014. River stage S is
retrieved from Q based on equation (15) (Figure 4a). With the input variables listed in Table 2, we calculate
the heat flux components (Figure 4b) and Tw (Figure 4c). Net solar radiation Hsr was the dominant control
on the heat balance before October. Over this period, the negative riverbed heat fluxHb indicates heat pene-
trates into the subsurface and warms the riverbed. Air temperature Ta was below freezing point after
October accompanied by the decreasing Hsr. Meanwhile, the waterbody lost heat mainly through longwave
emission and surface convection (Figure 4b). Simulated water temperatures Tw agreed well with the in situ
measurements. Water temperatures increased gradually in late May even when Ta was below the freezing

Figure 3. In situmeasurements in the Kuparuk River during 2009–2017. (a)Mean‐daily air temperatureTa (green line), ground surface temperatureTg (black line),
and river discharge Q (blue bars) over 2009–2017. (b) Gray dots show Q versus stage S; black line indicates the logarithmic regression to the discharge data.

Table 2
Sources of Input Variables and Parameters for River Temperature Tw Simulation

Variable Source

Surface air temperature (Ta) Deadhorse station
Discharge (Q) Kuparuk hydrologic station
Incoming solar radiation (His) 3‐hourly ERA‐Interim
Downward longwave radiation (Hdl) 3‐hourly ERA‐Interim
Wind speed (Uw) 3‐hourly ERA‐Interim
Atmospheric pressure (P) 3‐hourly ERA‐Interim
Relative humidity (r) 6‐hourly ERA‐Interim
Aerated water surface albedo (R) 0.2 (McMahon & Moore, 2017)
Empirical constants for Hl calculation (A, B) A=6, B=3 (Hebert et al., 2011)
Fraction of radiation absorbed in water (a) 0.6 (Webb & Zhang, 1997)
Fraction of radiation absorbed in riverbed (b) 0.2 (Webb & Zhang, 1997)
Attenuation coefficient (f) 0.05 (Webb & Zhang, 1997)
Depth of zero annual amplitude (L) 30 m (Simulated by CVPM)
Temperature at L (Tc) −5 °C (Simulated by CVPM)
Heat capacity of water (cw) 4,210 J·kg−1·K−1 (Jarosch & Gudmundsson, 2012)
Density of water (ρw) 1,000 kg/m3 (Jarosch & Gudmundsson, 2012)

Note. CVPM = control volume permafrost model.
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point. Most of the time (88% of the cases), Tw of streamflow was higher than Ta. Water temperatures
remained ~0 °C when Ta fell below the freezing point after October (Figure 4c). We compare the simulated
Tw with measured Tw in the downstream Kuparuk River during 2014–2016 in Figure 4d. The root mean
square error, bias, and correlation coefficient between the Tw simulations and measurements were 1.79 °C,
0.22 °C, and 0.90, respectively.

In order to test CVPM's performance in a permafrost temperature Ts simulation, we validate the CVPM
model against Ts observations at the nearby Deadhorse station. Sedimentary materials near Prudhoe Bay
include peat, silt, sand, and gravel (Zhang et al., 1996). Physical and thermal properties of these materials
are set based on descriptions from the literature (Benscoter et al., 2011; Clow, 2018b; Lachenbruch et al.,
1982; Shiklomanov & Nelson, 1999) and are summarized in Table 3.

The validations are conducted for 2014–2015 when temperature sensors at the Deadhorse station are known
to have been unaffected by frost heave and thus remained at fixed depths. Soil temperatures at a range of
depths simulated by CVPM are compared with the corresponding measured Ts values during 2015 in
Figure 5. Simulated ground temperatures Ts generally agree well with measured Ts, especially for the upper
layers. During winter, simulated Ts is systematically higher than observed Ts at and below depths of 18 cm.
Temperature biases primarily exist during freeze/thaw transitions in the deeper layers (Figure 5a). During
the freezing period, measured Ts kept nearly constant at the freezing point due to the release of large quan-
tities of latent heat (i.e., the zero curtain effect), especially in the deeper layers. However, the simulated Ts
does not appear to describe this effect. This is also evident in the scatter diagrams shown in Figure 5b.
Root mean square error, bias, and correlation coefficient between the simulated and observed soil tempera-
tures for all depths were 1.17 °C,−0.22 °C, and 0.98 during 2014–2015. These validation experiments demon-
strate that with the selected thermophysical parameters (Table 3), CVPM generally matches permafrost
temperatures well in the active layer and the shallow soil profile.

Figure 4. Simulations and validations of water temperature Tw in the downstreamKuparuk River. (a) River stage S derived from dischargeQ in 2014; (b) simulated
heat flux components in 2014; (c) measured air temperature Ta, Tw and simulated Tw in 2014; (d) scatter diagram shows the simulated Tw versus measured Tw over
2014–2016. RMSE = root mean square error.

Table 3
Physical and Thermal Properties of Sedimentary Materials

Depth Soil type ks ρs cs S0 hs Φ0 Φc hc Sr xs
* λ d1 d2 n2/n1

0–0.2 m Peat 0.25 330 1,920 0.0 0 0.40 0.20 2.0 1 0.003 0.33 4 0.1 6.0
0.2–2 m Silt 2.10 1400 730 1.5 10 0.40 0.05 2.0 1 0.003 0.39 10 2.0 2.6
2–70 m Sand and gravel 2.30 1250 660 0.8 10 0.45 0.15 3.0 1 0.003 0.36 180 30.0 0.0
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3.3. Permafrost Temperature Beneath the Riverbed

Here, we investigate the permafrost thermal regime beneath the sand‐ and gravel‐dominated riverbed in the
downstream Kuparuk River based on the coupling of our river water temperature model and CVPM.
First, we simulate water temperature Tw between 2009 and 2017 (Figure 6a). On average, Tw of streamflow
(5.79 °C) was more than 2 °C higher than the dry land ground surface temperature Tg (3.49 °C) found at the
Deadhorse station over the same period. The CVPMmodel is initialized by the 100‐year spin‐up based on the
repeated mean‐daily ground surface temperature Tg over 2001–2008; then we simulate the subsurface soil
temperature Ts of the riverbed forced by the combination of measured Tg and simulated Tw (if the riverbed
is inundated) during 2009–2017. A controlled experiment without any channel flow or inundation is con-
ducted over the same period (Figure 6b). Our experiments demonstrate that river inundation significantly
warmed the underlying permafrost, resulting in a deepening of the thaw front (Figure 6c). Over the flow
and flood seasons, sustained riverbed warming can be detected at depth, and this warming lasted until
the next year, especially for 2014–2017. Soil temperatures beneath the inundated riverbed can be 1 °C higher
even at a depth of 8 m (Figure 6d).

Figure 5. Validation of soil temperature Ts simulated by control volume permafrost model at the University of Alaska
Fairbanks Deadhorse station. (a) Comparisons between simulated Ts (light gray lines) and measured Ts (black) at differ-
ent depths in 2015; (b) scatter diagram shows the simulated Ts versus measured Ts over 2014–2015. RMSE = root mean
square error.
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Over the period 2009–2017, the Kuparuk River flow and inundation onset date varied frommid‐May to early
June, and the runoff end date varied from late October to late November (Figure 7a). On average, the
mean‐annual ground surface temperature Tg under conditions of inundation was about 1 °C higher than
that simulated for the controlled experiment without any inundation (Figure 7b). As a result, the active layer
deepened with the presence of standing water, ranging from 67 cm in 2010 to 183 cm in 2017 with an average
value of 118 cm (Figure 7c). The riverbed warmed by more than 1 °C on average during 2014–2016
when river inundation onset was much earlier than in previous years. ALT with streamflow was more than
150 cm deeper than that without standing water. The mean‐annual Tg was highest in 2014, associated with
the earliest flow and inundation onset. For these conditions, the corresponding ALT with inundation
reached the maximum (504 cm).

3.4. Permafrost Thermal State for a River and Floodplain Cross Section

Permafrost temperatures and ALT across the Kuparuk floodplain are simulated during 2009–2017, a period
during which the inundation timing and extent differ significantly in high‐ and low‐flow years (the reader
can find the analysis of river dynamics in section 4.1). Here, we investigate the permafrost thermal state
for a river cross section close to the USGS hydrologic station 15896000 (P‐P′ shown in Figure 2). The river
cross section includes two main river channels and the floodplain in between. Based on the 2‐m high‐
resolution ArcticDEM (Figure 8a), inundation along the profile during 2009–2017 occurs when the flood-
plain is submerged according to the river stage. We assume the water temperature Tw is homogeneous along
the river cross section. A combination of measured ground surface temperature Tg and simulated Tw (if a
specific location is inundated) is used to simulate the permafrost temperature Ts across the profile.

As expected, the low‐lying river stream channels had long flow durations. In contrast, the intermediate and
outer floodplains were submerged only during the spring snowmelt flood, and then mostly in high‐flow
years (e.g., 2014; Figure 8b). Streamflow seldom reached the outer floodplain in relatively low‐flow years
(2010–2012). Compared with the outer floodplain, the river channels had much higher permafrost tempera-
tures during the flood season (see Animation S1 in the supporting information). Mean‐annual ground tem-
perature (MAGT) increased from the channel edges to the middle of the river (Figure 8c). As a consequence,
the active layer beneath the riverbed reachedmore than 500 cm in 2014 when river discharge reached amax-
imum, which was about 120 cm deeper than in locations without river inundation (280 cm). Increase of ALT

Figure 6. Riverbed permafrost thermal state simulated for 2009–2017. (a) Measured ground surface temperature Tg,
simulated water temperature Tw, and river discharge Q; (b) simulated riverbed soil temperature Ts without inundation;
(c) simulated Ts with inundation; (d) Ts with inundation minus Ts without inundation.
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in the floodplain during the ephemeral spring flood can reach about 30 cm compared with the dry land.
Thus, river inundation plays an important role in ALT variations over the floodplain. ALT difference
between the river channel and floodplain reached more than 150 cm in 2014, whereas their difference
was considerably smaller in low‐flow years (e.g., about 70 cm in 2011; Figure 8d).

3.5. Sedimentary Characteristics as a Control on Permafrost's Response to Inundation

Effects of streamflow on permafrost vary with different sedimentary characteristics and associated bulk
properties of the subsurface. Deposits vary considerably across different Alaskan Arctic river floodplains
and vary along each river's longitudinal profile. The floodplain in the Kuparuk River Delta is underlain by
marine deposits, while the floodplain of the Hulahula and Jago Rivers (eastern Arctic Coastal Plain) is domi-
nated by coarse alluvial fan deposits (Karlstrom, 1964). Our simulations assume homogeneous sand and
gravel in the floodplain. However, we realize the floodplain deposits are variable, and generally, the grain
size of floodplain deposits decreases from the main channel to the edge of the floodplain. While sand and
gravel dominate the deposits in the downstream Kuparuk River (Shiklomanov & Nelson, 1999), river chan-
nels in more silty and organic rich layers have also been widely found in the Kuparuk watershed (Brosten
et al., 2006). In addition, higher parts of the floodplain often are covered in peats and moss and form an
organic‐rich layer on top of the sedimentary material.

We investigate the permafrost thermal state in the floodplain with sedimentary material set as end‐members
of homogeneous sand and gravel, or sand and gravel deposits capped with a peat layer in the upper 30 cm
(Figure 9). Model parameters for deposits are the same as listed in Table 3. In either case, the riverbed sub-
surface is significantly warmed, and thaw bulb expands under river inundation. Sand and gravel profiles
without peat respond much more quickly to thermal input and river inundation. With streamflow the
ALT in sand and gravel riverbed increases from 307 to 408 cm. In contrast, when a 30‐cm peat and

Figure 7. Riverbed inundation timing, ground surface temperature Tg, and active layer thickness (ALT) during 2009–
2017. (a) Inundation timing: DOY refers to the day of year, and numbers in red indicate the inundation duration; (b)
mean‐annual input Tg with and without inundation, as well as their difference; (c) ALT with and without inundation, as
well as their difference.
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organicmatter‐rich top layer is assumed to be present, the ALT of dry land is only 64 cm, which is close to the
general ALT estimations in Kuparuk River Basin (Nelson et al., 1997). Under inundation, the active layer
underlying such a peat‐capped profile increases to 133 cm. Due to the higher thermal conductivity,
permafrost underlying the coarse‐grained deposits is more sensitive to river inundation, whereas peat
layers in floodplains provide an insulating effect due to its lower thermal conductivity. The ALT of a sand
and gravel riverbed decreases by 21% with a 30‐cm top peat layer in the noninundated case and by 33% in
the inundated case.

4. Effect of River Dynamics on Permafrost Thermal State

As demonstrated in sections 3.3 and 3.4, inundation occurrence plays an important role in permafrost ther-
mal state. We further investigate the effect of river dynamics on permafrost temperature and ALT in this

Figure 8. Permafrost thermal state along a river cross section (P‐P′ in Figure 2) during 2009–2017. (a) Elevation; (b) inundation occurrences; (c) simulated mean‐
annual ground temperature (MAGT); (d) simulated active layer thickness (ALT).
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section. First, we examine the observed changes of inundation timing and river discharge in the downstream
Kuparuk River over the past four decades. Based on this analysis, sensitivity experiments are conducted to
investigate the response of permafrost to varying inundation timing and discharge.

4.1. Kuparuk River dynamics

We examine the changes in inundation timing and discharge based on the hydrologic observations, as well
as the Landsat‐based (30‐m spatial resolution) water bodies dynamics in the downstream stretch of the
Kuparuk River (Figure 10 after Pekel et al., 2016). On average, river streamflow started on 25 May (day of
year [DOY] 144±7) and ended on 7 November (DOY 310±14) during 1978–2017. No statistically significant
trend in inundation onset during 1978–2017 is found due to the large variability, which is typical in Arctic
river systems (Figure 10a). The runoff season ended later with a rate of 6.06 days per decade (99% confidence
level; Figure 10b). Thus, inundation duration became longer at a rate of 6.45 days per decade (99% confi-
dence level) (Figure 10c). On average, the mean‐annual river discharge was 42±14 m3/s over the past four
decades. Mean‐annual river discharge showed a significant increase (95% confidence level) at a rate of
3.74 m3 ·s‐1·decade‐1 (+35% overall; Figure 10d). In Figure 9e, we present the inundation map for the lower-
most stretch of the Kuparuk River and its delta. This data set was obtained from the Global Surface Water
Explorer, which reports surface water dynamics over 1984–2015 based on Landsat imagery (we refer to
Pekel et al., 2016, for a detailed description of the global data set). It is evident from the transition map that
surface water bodies in Kuparuk River Delta have experienced vast changes. Notably, new permanent water
and seasonal water emerged along the river channels between 1984 and 2015 (with the caveat that in Arctic
Alaska, good quality, cloud‐free coverage for this data set does not always span the whole time period
of 1984–2015).

4.2. Effect of Inundation Timing on Permafrost Thermal State

Considering the large variations in river inundation presented in Figure 10, we simulate water temperature
Tw and riverbed soil temperature Tswith varying inundation onset dates in the downstream Kuparuk River.

Figure 9. Riverbed and floodplain permafrost temperature Ts for different sedimentary profiles. (a) Sand and gravel riverbed without inundation; (b) organic‐
capped floodplain without inundation; (c) sand and gravel riverbed with inundation; (d) organic‐capped floodplain with inundation. ALT = active layer thickness.
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Figure 10. Downstream Kuparuk River dynamics. (a) Inundation onset over 1978–2017; (b) runoff end over 1978–2017;
(c) inundation duration over 1978–2017; (d) mean‐annual river discharge over 1978–2017; (e) surface water body
dynamics in the Kuparuk River Delta during 1984–2015 (Pekel et al., 2016). DOY = day of year.
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Simulations are driven by mean‐daily air temperature Ta, ground surface temperature Tg, and discharge Q
over 2009–2016 (Figure 3a). Other model parameters are set as listed in Table 2. While we assume a stable
runoff duration, experiments are conducted with stepwise varying inundation onset (Figure 11a). Varying

the inundation onset from May 1 (DOY 121) to June 30 (DOY 181)
results in significant MAGT variations (Figure 11b). In general,
permafrost temperatures increase with the earlier arrival of inundation.
Riverbed MAGT with inundation onset starting on DOY 121 can be
more than 0.5°C higher than that starting on DOY 181. As a
consequence, the riverbed ALT increases by more than 60 cm
(Figure 11c). Flood water temperature Tw is much higher than the dry
land Tg in the early snowmelt‐controlled inundation season (Figure 6)
and thus has sustained effect on riverbed permafrost temperature, while
the effect of rainfall‐runoff in late inundation season is relatively
limited. This is because both the Tw and Tg remain constant around the
freezing point in late runoff season (see in Figures 4 and 6). It takes
time for heat to transfer into soils and warm the permafrost. These
experiments suggest that the observed earlier arrival of river inundation
in recent years would have resulted in the riverbed permafrost warming.

4.3. Effect of River Discharge on Permafrost Thermal State

Changes in river discharge can alter inundation timing, but in addition,
we hypothesize that an increased stage affects flood water extent across
the floodplain, with consequent effects on permafrost thermal state. We
simulate permafrost temperatures Ts along profile P‐P′ for different dis-
charge scenarios (Figure 12). Inundation timing across the profile changes
significantly when the daily Q (black line in Figure 11a) declines by 50%
(0.5Q) or alternatively increases by 50% (1.5Q). With a 50% decline in daily
Q, the mean inundation duration across the profile decreases from 28 days
to 15 days, and flood water only seldom reaches the floodplain edges. As a

Figure 11. Effect of inundation onset on permafrost thermal state. (a) River discharge Q with inundation onset varying
from 1 May to 30 June, while the inundation duration remains constant; (b) mean annual ground temperature
(MAGT); (c) active layer thickness (ALT). Black lines and point represent river inundation beginning on day of year 144;
gray shadow indicates inundation starts on DOY 144±7 (see Animation S2).

Figure 12. Inundation timing along the river cross‐section P‐P′with (a) dis-
charge Q declining by 50% (0.5Q), (b) keeping the same (1.0Q), and (c)
increasing by 50% (1.5Q); (d) active layer thickness (ALT) along the river
cross section with different discharge scenarios.
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consequence, mean ALT along the profile as a whole decreases by 8 cm within a single year. Even in the
main river channels, the active layer can become about 40 cm shallower. In contrast, with a 50% increase
in daily Q the mean inundation duration across the profile increases by 10 days. On average, the active layer
along the profile deepens by 7 cm. Moreover, ALT in low‐lying depressions or chute channels beside the
main river channels can increase by more than 30 cm. The experiments also suggest that the observed
35% increase of mean annual discharge (1.35Q) in the downstream Kuparuk River observed since the
1970s would result in extensive deepening (up to about 10 cm) of the active layer over the floodplain within
a single year. The increase in ALT may be more significant in reality as the observed increase in Q has
occurred over four decades. Permafrost across the floodplain is vulnerable to such enhanced river discharge
associated with the extension of water bodies and the prolonging of spring flood. The deepest channel always
carries water during the runoff season, and changing river discharges have less effect on its
underlying permafrost.

5. Discussion
5.1. Uncertainties

Our deterministic model of river‐water temperature Tw has significant simplifications: Heat fluxes contrib-
uted by lateral inflow, precipitation, and fluid friction are not included. Whereas we consider this an impor-
tant shortcoming, a recent study on Arctic river energy balance suggested lateral inflow heat flux has little
influence on Tw (King et al., 2016). Also, most studies have neglected the heat flux contributed by precipita-
tion in the modeling of river water temperature (e.g., Ahmadi‐Nedushan et al., 2007; Toffolon & Piccolroaz,
2015; Westhoff et al., 2007), mainly because it accounts for less than 2% of the heat budget (Hebert et al.,
2011; Webb & Zhang, 1997). The contribution of frictional energy in the water heat balance is generally lim-
ited during summer runoff months (Webb & Zhang, 1997), and we assume this is true in the downstream
Kuparuk River, which has relatively low gradient channels. We assume that Tw is homogeneous and that
the water column is well mixed, which appears justified because the channels in Kuparuk River are gener-
ally small and shallow.

We postulated a constant water surface albedo over the inundation season in the simulations. However,
albedo experiences some variation depending on suspended sediment concentration and more substantial
changes during the breakup season when ice cover changes rapidly.

Another component that has not been included in the river water temperature model is the heat flux
through infiltration in the riverbed. Hyporheic flow transfers heat into the bed sediments and as a result con-
trols the active layer (Brosten et al., 2006). Riverbed warming may be stronger than that inferred from
the simulations.

Hyporheic flow could also penetrate the deposits and alter the sedimentary structure. Water freezes to the
streambed every winter (i.e., bedfast ice; Best et al., 2005). Thermal properties of the underlying sedimentary
materials depend strongly on the water/ice content (Clow, 2018a). Here these are assumed to be constant
without consideration of water/ice inclusion, which would cause biases for both water temperature Tw
and soil temperature Ts simulations.

Uncertainties in the simulations also stem from the input parameters. Daily Ta and Tg used in the simula-
tions differ from the site where the river discharge was measured due to the 20‐km distance between the
University of Alaska Fairbanks Deadhorse station and the USGS hydrologic station. The empirical constants
for water surface latent heat (Hl) and riverbed heat flux (Hb) calculations are adopted from different river
systems (Hebert et al., 2011; Webb & Zhang, 1997) owing to the lack of in situ measurements. Though the
presented model performance is adequate, calibration and sensitivity analysis are needed to further refine
the model. The meteorological observations obtained from ERA‐Interim reanalysis are always much less
accurate than any in situ observations. In addition, the coarse‐resolution reanalysis data have lower variance
and less extremes than point measurements. Possibly, the lack of accurate in situ measurements could
explain some of the issues with model performance.

The CVPM is shown to be of sufficient quality in permafrost temperature simulation. However, CVPM does
not appear to resolve the zero curtain, which should be considered in future studies. Lastly, equilibration of
deep permafrost typically requires hundreds of years (Riseborough et al., 2008), but the observed Tg records
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as employed for spinning up our simulations are limited to 8 years. It must be noted that uncertainty in the
initial temperature condition has a limited effect for our analyses because we only focus on the upper several
meters of the subsurface where the active layer exists and responses are more driven on annual time scales.

5.2. Model Results Versus Ground‐Penetrating Radar Mapping

Streamflow provides enough input of heat into the subsurface to warm the frozen layer. River flow can pre-
vent the development of the permafrost beneath the riverbed (Viereck, 1970, 1973). Earlier studies suggest
ALT in the Kuparuk River watershed ranges from 20 cm to more than 100 cm. ALT in the floodplain is typi-
cally more than 70 cm (Nelson et al., 1997; Shiklomanov & Nelson, 1999). Detailed 3‐D geometry of the per-
mafrost beneath the Kuparuk River has been mapped by ground‐penetrating radar (GPR; Bradford et al.,
2005; Brosten et al., 2006, 2009). Those observations indicate rapid heat absorption and heat loss in the
gravel‐lined streams. Thaw depths increase to greater than 100 cm for earlier onset of inundation.
Substantial and persistent flows promote subchannel thaw, resulting in a maximum thaw depth (280 cm)
in September. The thaw front in the main riverbed was observed to be about 100 cm deeper than that in
the riverside (Brosten et al., 2006). The simulated ALT distribution pattern in this study matches relatively
well with the pattern shown from GPR measurements. The simulated thaw front reached its deepest extent
in late September (Figure 6). ALT in the sand and gravel riverbed was generally more than 400 cm and can
indeed be more than 100 cm deeper than the ALT in adjacent areas without river inundation (Figures 7, 8,
and 12). Different thaw bulb responses to river inundation in the bare sand and gravel‐dominated channel
beds and organic‐capped floodplain or stream profiles (Figure 9) were also clearly distinguished by the GPR
measurements (Brosten et al., 2006).

5.3. Implications for the Changing Arctic

Climate change is transforming Arctic river systems. Spring snowmelt has become earlier as a result of the
Arctic warming (Tan et al., 2011). River and lake ice breakup has occurred earlier at a rate of 0.65 days per
decade since the 1850s (Magnuson et al., 2000). The earlier spring snowmelt and river breakup date allow
more heat to penetrate into soils (Figure 11), leading to the substantial warming of the underlying perma-
frost. Stream geochemistry suggested that thaw bulbs beneath some Alaskan streams are seasonally and spa-
tially increasing (Keller et al., 2010). Spring snow water equivalent is projected to increase at high latitudes
(Adam et al., 2009). Discharge of large rivers in the Arctic has increased by 7% since the 1930s (Peterson
et al., 2002) and increased by about 10% during 1977–2007 (Overeem & Syvitski, 2010). Continuous warming
may enhance the interactions between ground and surface water and increase the groundwater discharge to
rivers (Ge et al., 2011; Walvoord & Striegl, 2007). Such increasing river flow would result in longer and more
extensive inundation over river floodplains (Figure 12). Together with the rising water temperatures Tw in
Arctic rivers (Park et al., 2017), our experiments demonstrate that earlier and increasing inundation over
the floodplain enhances the degradation of permafrost. A massive amount of old carbon is stored in
Arctic floodplains (Zimov et al., 2006). A warming Arctic is likely to speed up the carbon cycle in high lati-
tudes, and disentangling the release of terrestrial carbon requires a sound understanding of distribution of
permafrost changes through the most important corridors of transport and storage, the river channel belts
and floodplains (Feng et al., 2013; Kaiser et al., 2017). Our simulations suggest the downward progression
of the active layer due to more sustained inundation could potentially enhance the release of the old carbon
stored in the Arctic floodplains.

6. Conclusions

Driven by meteorological and hydrological observations obtained from in situ measurements and climate
reanalysis data, this modeling study couples heat flux from the atmosphere into river and floodplain water
and propagates it into underlying permafrost over Arctic channel belts and floodplains. We simulate water
temperature Tw and permafrost soil temperatures Ts and investigate the effect of river inundation on the
underlying permafrost thermal state. Our newly developed river‐water thermal model and CVPM are inde-
pendently validated against in situ measurements from a hydrologic station in the Kuparuk River and a per-
mafrost monitoring station nearby, and both models show good performance.

Our model results clearly demonstrate the importance of inundation extent and timing on the permafrost
thermal state in river corridors. Over the active flood season, water temperature Tw over the floodplain is
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generally much higher than ground surface temperature Tg. As a result, permafrost underlying floodplains
can be warmed significantly by streamflow, leading to the deepening of the active layer. In the downstream
reach of the Kuparuk River, river flow results in more than a 1‐m increase in ALT beneath the most active
river channels. We show that permafrost temperature and ALT are sensitive to inundation timing and total
annual discharge. The sedimentary characteristic of deposits in the floodplain is an additional important fac-
tor that controls the response of permafrost thermal state to streamflow. Our findings emphasize that bare
sand and gravel‐dominated channel or channel chutes can warm more rapidly, whereas an organic‐rich
top layer more typically found in floodplains dampens the downward heat flux from floodwater.

Our results imply that increasing river discharge, earlier snowmelt, and earlier river breakup in the Arctic
would result in more sustained and extensive streamflow over the floodplain and hence more warming of
the underlying permafrost. This is an important factor to account for in degradation of terrestrial permafrost,
which could potentially lead to the release of old carbon.
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