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Abstract 22	
 23	
Accelerated Arctic warming is destabilizing permafrost, threatening ecosystems, infrastructure, 24	
and northern communities, yet permafrost thermal dynamics remain poorly characterized and 25	
highly uncertain due to sparse observations and limited representation of fine-scale heterogeneity. 26	
Here we combine kilometer-scale distributed temperature sensing (DTS) with data-driven 27	
hysteresis modeling to resolve spatiotemporal variability in permafrost temperatures across 28	
disturbed and undisturbed Arctic landscapes near Utqiaġvik, Alaska. A 2-km fiber-optic array 29	
recorded continuous ground temperatures from 2021 to 2024, revealing persistent warming 30	
associated with civil infrastructure and pronounced thermal heterogeneity in patterned tundra. Ice-31	
wedge polygon troughs consistently exhibit lower temperatures than polygon centers, highlighting 32	
the role of subsurface ice distribution in controlling ground thermal regimes. Using these 33	
observations, we develop a multivariate hysteresis model that captures lagged ground–air 34	
temperature responses and incorporates snow, precipitation, wind, atmospheric pressure, and 35	
ground surface conditions. The model accurately reproduces observed permafrost temperatures, 36	
fills observational gaps, and enables projections under future climate scenarios. Projections 37	
indicate continued warming through 2075, with enhanced temperature increases in infrastructure 38	
areas and ice-rich terrains. Our results demonstrate the power of DTS to resolve permafrost thermal 39	
heterogeneity at unprecedented scales and provide a transferable framework for predicting 40	
permafrost temperature dynamics in a rapidly warming Arctic. 41	

42	
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1. Introduction 43	

Permafrost underlies approximately one quarter of the land area in the Northern Hemisphere and 44	
plays a critical role in regulating Arctic landscape stability, ecosystem function, and carbon storage 45	
(Jorgenson et al., 2010; Romanovsky et al., 2010; Geiger et al 2009). In the recent decades, 46	
accelerated Arctic warming has led to widespread permafrost warming and thawing, resulting in 47	
increased active-layer thickness, thermokarst development, and ground subsidence (Romanovsky 48	
et al., 2010; Farquharson et al., 2016). These changes increase the region’s vulnerability to ground 49	
subsidence, coastal erosion, and infrastructure failure, with far-reaching consequences for 50	
ecosystems, greenhouse gas emissions, and the stability of northern infrastructure and 51	
communities (Jorgenson et al., 2010; Hjort et al. 2018). 52	
 53	
Permafrost temperature is a key integrative indicator of subsurface thermal conditions and reflects 54	
the combined effects of atmospheric forcing, snow cover, soil thermal properties, moisture 55	
conditions, and geomorphology (Goodrich, 1982; Geiger et al., 2009; Nicolsky et al., 2009). 56	
However, permafrost thermal regimes are highly heterogeneous in space and time. Strong spatial 57	
variability occurs at scales ranging from meters to kilometers due to differences in vegetation, 58	
snow redistribution, soil composition, and geomorphology, particularly in landscapes 59	
characterized by ice-rich permafrost and patterned ground (Apaloo et al., 2012; Léger et al., 2019; 60	
Tourei et al. 2024). Temporally, permafrost temperatures exhibit pronounced seasonal variability 61	
associated with freeze–thaw processes and thermal inertia, resulting in delayed responses of 62	
ground temperature to changes in air temperature (Hasfurther and Burman, 1974; Hu et al., 2017). 63	
 64	
Despite the importance of spatial and temporal variability, permafrost monitoring has traditionally 65	
relied on borehole-based point measurements. Borehole thermistors provide high-quality, long-66	
term temperature records at discrete locations but are spatially sparse and insufficient for resolving 67	
fine-scale thermal heterogeneity across complex Arctic landscapes (Romanovsky et al., 2010; 68	
Harrington and Hayashi, 2019). As a result, critical thermal contrasts—such as those associated 69	
with ice-wedge polygons, infrastructure disturbance, and variable snow accumulation—are often 70	
underrepresented in observational datasets, limiting both process understanding and model 71	
evaluation (Farquharson et al., 2016). 72	
 73	
Distributed Temperature Sensing (DTS) based on fiber-optic cables has emerged as a 74	
transformative tool for capturing high-resolution, continuous temperature profiles in permafrost 75	
regions (Ukil et al., 2011; Léger et al., 2019). DTS systems infer temperature from the 76	
backscattering of laser light along an optical fiber. Unlike conventional approaches, DTS provides 77	
spatially extensive data along fiber-optic cables and enables the detection of fine-scale thermal 78	
heterogeneity and long-term trends with detection accuracy of ±1 °C, spatial resolution in one 79	
meter or sub-meter scale, and measurement distance over a hundred km (Ukil et al., 2011; 80	
Harrington and Hayashi, 2019; Léger et al., 2019). DTS has been successfully applied in 81	
permafrost regions for various applications, including monitoring permafrost temperature along 82	
transportation infrastructure in Salluit, Nunavik (Roger et al., 2015), detecting gas migration in 83	
wellbores on the Alaska North Slope (Garcia-Ceballos et al., 2024), and observing permafrost 84	
degradation during controlled warming experiments in Fairbanks, Alaska (Wagner et al., 2018; 85	
Cheng et al., 2022). However, long-term DTS deployments spanning multiple years and diverse 86	
Arctic surface conditions is unprecedented, and their potential for advancing predictive 87	
understanding of permafrost thermal dynamics has not been fully explored. 88	
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 89	
Modeling permafrost temperature evolution commonly relies on physics-based heat-transfer 90	
models that explicitly represent soil thermal properties, phase change, snow insulation, and surface 91	
energy balance (Goodrich, 1982; Gao et al., 2003; Westermann et al., 2023). While these models 92	
have proven valuable for simulating permafrost processes, they require extensive parameterization 93	
and detailed input data that are often difficult to obtain in remote Arctic regions (Nicolsky et al., 94	
2009; Jansson, 2012). Empirical approaches that relate ground temperature to air temperature offer 95	
a computationally efficient alternative, but they frequently struggle to capture delayed ground 96	
responses and seasonal asymmetry associated with freeze–thaw processes (Kang et al., 2000). 97	
 98	
A defining feature of permafrost thermal behavior is hysteresis in the relationship between air 99	
temperature and ground temperature. Due to thermal inertia, latent heat effects, and moisture-100	
dependent heat transfer, ground temperatures respond differently during warming and cooling 101	
phases, producing asymmetric freeze–thaw trajectories (Hu et al., 2017). Although hysteresis has 102	
been recognized in observational and modeling studies, it is often treated implicitly rather than 103	
incorporated explicitly into predictive frameworks that can leverage dense spatial observations 104	
(Lin et al., 2003). 105	
 106	
In this study, we combine kilometer-scale distributed temperature sensing observations with a 107	
data-driven hysteresis modeling framework to characterize permafrost thermal dynamics across 108	
disturbed and undisturbed Arctic landscapes near Utqiaġvik, Alaska. A 2-km fiber-optic DTS array 109	
recorded continuous ground temperatures from 2021 to 2024 across civil infrastructure, non-110	
patterned tundra, and ice-wedge polygon terrain. These observations reveal persistent 111	
infrastructure-related warming and pronounced thermal heterogeneity associated with patterned 112	
tundra. Patterned tundra exhibits surface-expressed ice-wedge polygonal microtopography, 113	
whereas non-patterned tundra lacks visible polygonal surface expression and appears laterally 114	
uniform at the ground surface (French 2017; Washburn 1956). Building on these data, we develop 115	
a multivariate hysteresis model that explicitly captures lagged ground–air temperature responses 116	
while accounting for key meteorological drivers and surface conditions. The model reproduces 117	
observed permafrost temperatures, fills observational gaps, and enables projections of future 118	
ground temperatures under climate-change scenarios both along the DTS transect.  119	
 120	
 121	
2. Study area and DTS deployment 122	
 123	
The study site is located near Utqiaġvik, Alaska in Arctic Coastal Plain within ice-rich tundra 124	
underlain by continuous permafrost (Fig. 1a). The region is characterized by ice-wedge polygon 125	
microtopography and has experienced rapid warming over recent decades (Wendler et al. 2014). 126	
Civil infrastructure within the study area includes buildings, roads, and buried utilities constructed 127	
directly on permafrost, providing an opportunity to examine anthropogenic impacts on ground 128	
thermal regimes. A 2-km fiber-optic flat-pack multimode DTS cable was deployed along a transect 129	
crossing civil infrastructure, undisturbed non-patterned tundra, and patterned tundra (Fig. 1c). The 130	
cable started from the Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) 131	
facility, followed the service road of the National Oceanic and Atmospheric Administration 132	
(NOAA) facility, went under the crawl space of the new NOAA building, and extended into the 133	
tundra in the northeast direction toward Elson Lagoon (Fig. 1d). The fiber optic cable is connected 134	
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to the DTS interrogator housed in the climate-controlled DOE ARM facility. The air temperature 135	
was -1 to 10 °C at the time of cable installation. The cable was installed at or close to the bottom 136	
of the active layer in September 2021 to capture active-layer and near-surface permafrost 137	
temperatures, with burial depths of approximately 20 to 40 cm below the ground surface. To 138	
minimize disturbance to the ground, the DTS cable was installed manually using shovel and hands 139	
(Fig. 1b). A shovel was first pushed into the ground to either a full shovel depth or until reaching 140	
the permafrost table, then the shovel was tilted to open a crack in the ground and the cable was 141	
inserted and pushed into the bottom of the crack (Fig. 1b); the shovel was removed to close the 142	
crack, and the ground surface was pushed from both sides to seal the crack. This process was 143	
repeated until the entire cable was installed. At the northeast end, two strands of multimode fiber 144	
were spliced together to enable double-ended DTS measurements.  145	
 146	

	147	
 148	

Figure 1. Maps of study region and DTS route in Utqiaġvik, Alaska. Aerial maps are based on 149	
ArcGIS (Esri, 2020) 150	

 151	
	152	

	153	
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	154	

3. Methods 155	
 156	
3.1 DTS data processing and calibration 157	
 158	
DTS measurements were collected from September 2021 to May 2024 and produced spatially 159	
continuous temperature measurements along the full transect. DTS measurements provide 160	
temperature estimates at meter-scale spatial resolution along the entire transect and were recorded 161	
at 5-min intervals with a nominal temperature accuracy of ±1 °C. Ground temperatures were 162	
measured using a Raman-based DTS system, which infers temperature from the ratio of anti-163	
Stokes to Stokes backscattered light along the fiber-optic cable. In the double-ended configuration, 164	
both ends of the fiber optic cable are connected to the DTS interrogator, enabling temperature 165	
measurements from both directions. This symmetric setup improves measurement accuracy by 166	
averaging four readings (two directions and two fibers per direction) for each location and 167	
effectively reduces systematic errors caused by fiber attenuation and laser power fluctuations (van 168	
de Giesen et al., 2012). Raw DTS measurements were processed to correct for instrument drift and 169	
differential signal attenuation along the fiber, with double-ended measurements used to improve 170	
temperature accuracy and reduce spatial bias. Calibration followed established multi-point DTS 171	
protocols using reference sections maintained at known temperatures and co-located with the fiber, 172	
with in situ reference baths and repeated calibration checks applied throughout the monitoring 173	
period. Temporal averaging was applied to reduce high-frequency noise while preserving seasonal 174	
and interannual variability. Quality control procedures included removal of anomalous readings 175	
associated with power interruptions and sensor instability, and periods of missing or unreliable 176	
data resulting from system outages were flagged for subsequent reconstruction using the 177	
hysteresis-based modeling framework described below. Calibration diagnostics and uncertainty 178	
estimates are provided in the Appendix A. Fig. A1 shows the DTS data processing workflow and 179	
an example of the processed DTS data. Fig. A2 shows an example of the calibrated temperature 180	
profiles with raw DTS data from September 2021 to January 2024.  181	
 182	
3.2 Hysteresis model correlating permafrost temperature with air temperature, 183	
meteorological factors, and ground surface conditions 184	
 185	
To model permafrost temperature dynamics and reconstruct missing DTS observations, we 186	
developed a non-linear, multivariate hysteresis-based framework that explicitly represents the 187	
asymmetric, lagged relationship between air temperature and ground temperature, while 188	
considering meteorological factors and ground surface conditions. Hysteresis is implemented by 189	
allowing separate functional responses during freezing and thawing phases, capturing delayed 190	
ground responses associated with thermal inertia, latent heat effects, and subsurface heat storage. 191	
The model captures the temperature hysteresis of permafrost with the air temperature and considers 192	
the effects of wind speed, atmospheric pressure, relative humidity, snow cover, and rainfall 193	
precipitation in snow-free season. Meteorological data from the NOAA Barrow Atmospheric 194	
Baseline Observatory, collected between 2021 and 2024, were used for this analysis (NOAA, 195	
2024).  196	
 197	
Correlation analysis in Fig. 2 shows that relative humidity exhibits a strong positive correlation 198	
with air temperature (R = 0.79); atmospheric pressure shows a negative correlation with both air 199	
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temperature (R = -0.45) and relative humidity (R = -0.4); and wind speed remains largely 200	
independent of the other variables, indicating minimal collinearity. To select the most influencing 201	
factors and assess the interdependence of meteorological variables in the hysteresis model, 202	
variance inflation factor (VIF), a statistical measure that quantifies the extent of multicollinearity 203	
among predictor variables in a regression model, is used. Table B1 presents the collinearity tests. 204	
The VIF diagnostics reveal that relative humidity has the least influence on ground temperature 205	
thus is removed from the model formulation.  206	
 207	

 208	
Figure 2. Correlation coefficients between predictors. T2 is air temperature at 2 m above ground, 209	
WS is wind speed, RH is relative humidity, P is atmospheric pressure. 210	
 211	
The hysteresis model incorporates two distinct equations to account for seasonal variations in 212	
ground surface conditions: snow-covered and snow-free seasons. The transition between the two 213	
seasons is determined by the albedo of the ground surface (Cox et al., 2017). This seasonal 214	
differentiation is critical, as snow cover significantly influences the thermal regime of permafrost 215	
by altering heat exchange processes at the ground surface. The basic equations of the hysteresis 216	
model of permafrost temperature at the permafrost table for the two seasons are shown in 217	
Equations (1) and (2).  218	
 219	
Snow-covered season: 220	
 221	

𝑻𝒅 = 𝒂𝟎 + 𝒇𝟏(𝑻𝒂(𝒅&𝑯𝒅)) + 𝒇𝟐(𝑾𝑺𝒅&𝑯𝒅) + 𝒇𝟑(𝑷𝒅&𝑯𝒅) + 𝒇𝟒(𝑺𝑫𝒅) (1) 
 222	
Snow-free season: 223	
 224	

𝑻𝒅 = 𝒂𝟎 + 𝒇𝟏(𝑻𝒂(𝒅&𝑯𝒅)) + 𝒇𝟐(𝑾𝑺𝒅&𝑯𝒅) + 𝒇𝟑(𝑷𝒅&𝑯𝒅) + 𝒇𝟓(𝑷𝒓𝒅) (2) 
 225	
where 𝑇-  is the permafrost temperature (°C) at date 𝑑, 𝑑 is the date in yyyy-mm-dd format; 226	
𝑇.(-&/")  is the daily air temperature (°C) on the (𝑑 − 𝐻-)th date due to hysteresis; 𝐻-  is the 227	
number of days in which daily ground temperature shows hysteresis (or lag) relative to daily air 228	
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temperature. 𝑊𝑆 is wind speed, 𝑃 is atmospheric pressure,	𝑆𝐷 is snow depth, 𝑃𝑟 is the indicator 229	
of precipitation, 𝒇𝒊(	) are the functions of these variables. 230	
 231	
The hysteresis days (𝐻- ) represent the time lag between changes in air temperature and the 232	
corresponding response in the permafrost temperature. The longer the hysteresis (larger 𝐻-), the 233	
more delayed the system is in reacting to external changes. It reflects the soil thermal diffusivity, 234	
depth of measurement, phase changes, and moisture content. 𝐻- is identified with the maximum 235	
correlation coefficient between changes in daily permafrost temperature and air temperature (Hou 236	
et al., 2015; Zhang et al., 2008). The fitting parameters within each function vary with ground 237	
surface conditions. The ground surface condition categories are jointly determined by spatial 238	
temperature heterogeneity and visualized ground surface based on ground surface satellite 239	
imagery.  240	
 241	
Air temperature, wind speed, and atmospheric pressure are incorporated into the hysteresis model 242	
with time lags for each location to account for their delayed influence on ground temperature. In 243	
contrast, snow cover and precipitation are not modeled with time lags in the hysteresis framework, 244	
because their effects on permafrost temperature are assumed to be immediate or cumulative over 245	
time, rather than exhibiting a delayed (hysteretic) response like other meteorological variables. 246	
Snow cover acts as an insulating layer, reducing heat loss from the ground during winter and 247	
delaying thaw in spring, while precipitation alters soil moisture and thermal conductivity, 248	
impacting heat transfer processes (Liu et al., 2023). The indicator of precipitation is determined 249	
based on intensity and frequency of precipitation, weighted towards more recent data: 250	
 251	

𝑷𝒓𝒅 =7
𝑰𝒅&𝒋
𝒋 + 𝟏

2

345
 

(3) 

 252	
where 𝑰𝒅&𝒋  is the (𝒅 − 𝒋)th daily precipitation intensity (cm/day), indicating the precipitation 253	
event happened 𝒋	(𝑗 = 0 − 7) days before 𝒅th day.  254	
 255	
Fig. B1 presents an example of the indicator of precipitation 𝑷𝒓 in September 2021 compared with 256	
precipitation intensity 𝑰 in Equation (3). The indicator of precipitation reflects the influence of 257	
precipitation on soil moisture conditions. The effects of precipitation are typically short-lived, as 258	
excess moisture either infiltrates deeper layers, evaporates, or drains away within a few days. By 259	
limiting the analysis to the past 7 days, the model focuses on the period during which precipitation 260	
has the most significant and measurable influence on near-surface soil conditions. This approach 261	
balances the need to account for precipitation’s impact while avoiding the inclusion of outdated or 262	
irrelevant data that could introduce noise or reduce the model’s accuracy.  263	
 264	
Based on the VIF diagnostics, the final forms of the hysteresis model of ground temperature at the 265	
permafrost table for the two seasons are shown in Equations (4) and (5).  266	
 267	
Snow-covered season: 268	
 269	
𝑻𝒅 = 𝒂𝟎 + 𝒂𝟏𝑻𝒂(𝒅&𝑯𝒅) + 𝒂𝟐𝑻𝒂(𝒅&𝑯𝒅)

𝟐 + 𝒂𝟑𝑾𝑺𝒅&𝑯𝒅 + 𝒂𝟒𝑷𝒅&𝑯𝒅 + 𝒂𝟓𝜟𝑻𝒅 ∙ 𝒍𝒐𝒈	(𝑺𝑫𝒅)     (4) 270	
 271	
Snow-free season: 272	
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 273	
𝑻𝒅 = 𝒂𝟎 + 𝒂𝟏𝑻𝒂(𝒅&𝑯𝒅) + 𝒂𝟐𝑻𝒂(𝒅&𝑯𝒅)

𝟐 + 𝒂𝟑𝑾𝑺𝒅&𝑯𝒅 + 𝒂𝟒𝑷𝒅&𝑯𝒅 + 𝒂𝟓𝑻𝒂(𝒅)𝒍𝒐𝒈	(𝑷𝒓𝒅) (5) 

 274	
where 𝛥𝑇- =	𝑇.(-) − 𝑇-  and is the difference of air temperature and permafrost temperature; 275	
𝑇.(-)	is the 𝑑th daily air temperature that considers hysteresis with ground temperature (°C);  𝑆𝐷- 276	
is snow depth of the 𝑑th day. The indicator of precipitation 𝑃𝑟 is a factor of precipitation data over 277	
the last 7 days of the 𝑑th day. 𝑃𝑟- is calculated using Equation (3). 𝒂𝐢	(i = 0 − 5) are the fitting 278	
parameters. The derivations of the parameters in the equations are presented in Appendix B and 279	
Figs. B1 and B2. The calculated ground temperature using Equations (4) and (5) across three 280	
ground conditions (civil infrastructure area, nonpatterned tundra area, and patterned tundra and 281	
ponded surface areas) during October 2022 to September 2023 match well with the DTS 282	
measurements (Fig. B3). The calibrated models are then used to reconstruct missing temperature 283	
data for the periods of DTS data gaps, producing spatially and temporally continuous ground 284	
temperature field. The ranges of the parameters 𝒂𝐢	(i = 0 − 5) are given in Fig. B4. 285	
 286	
In Equations (4) and (5), the effects of snow depth and precipitation on 𝐻- are not considered. 287	
Snow layer has an extremely low thermal conductivity (0.1 – 0.5 W/(m K)) and acts as an insulator 288	
between the atmosphere and the ground surface (Zhang, 2005). When the air temperature is low 289	
and snow cover is thick, the insulating effect of snow cover becomes a stronger factor, preventing 290	
the ground from cooling (Vavrus, 2007; Apaloo et al., 2012). In the hysteresis model, the input 291	
data are DTS measurements, air temperature, and meteorology data (ARM, 2024; NOAA, 2024, 292	
National Weather Services, 2024). The intensity of precipitation refers to the amount of 293	
precipitation occurring within a specific time frame and can significantly influence permafrost 294	
conditions (Lin et al., 2003). In the hysteresis model, Equation (5) accounts for a 7-day influence 295	
period and captures the cumulative effect of precipitation over time (shown in Equation (3)). 296	
Precipitation (𝑃𝑟) is positively correlated with latent heat flux, which enhances net heat loss and 297	
contributes to cooling the ground thus influences permafrost temperatures (Lin et al., 2003). 298	
 299	
Fig. 3 presents the calculated ground temperature using Equations (4) and (5) across three ground 300	
conditions during October 2022 to September 2023. The calculated ground temperatures compare 301	
well with the measured ground temperatures using DTS observations. Unlike the thawing process 302	
represented by red markers (during May to September 2023) that exhibits rapid temperature shifts 303	
due to latent heat absorption, the freezing process represented by black and blue markers is more 304	
gradual. This slow thermal adjustment is likely due to the progressive release of latent heat as 305	
unfrozen water transitions to ice.  306	
 307	
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 308	
Figure 3. Results of the hysteresis model in different periods: (a) civil infrastructure area; (b) 309	
nonpatterned tundra area; (c) patterned tundra and ponded surface areas. 310	
 311	
3.3 Permafrost temperature predictions along DTS cable route  312	
 313	
Using the averages of five global climate models under the RCP 4.5 and 8.5 climate forcing 314	
scenarios, the mean, maximum and minimum annual air temperature predictions for Utqiaġvik, 315	
Alaska are derived (Fig 4). The historical and predicted air temperature and meteorology data are 316	
collected from the ARM, NOAA and SNAP dataset (ARM, 2024; NOAA, 2024; National Weather 317	
Services, 2024; Bieniek, 2019; Lindgren, 2020). Using the air temperatures and the established 318	
hysteresis model, we forecast permafrost temperatures through 2075 along the DTS transect. 319	
Temperature trajectories are computed independently for each DTS channel, allowing spatial 320	
heterogeneity in future projections.  321	
 322	
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 323	
Figure 4. Annual air temperature history data and prediction of Utqiagvik for RCP 4.5 and RCP 324	
8.5 (NOAA, 2024; Lindgren, 2020). 325	
 326	
 327	
4. Results 328	
	329	
4.1 Spatial heterogeneity of permafrost warming 330	
 331	
The 2-km DTS cable transect includes three distinct landscapes: the first 0–300 m section traverses 332	
civil infrastructure of a gravel road and an office building; the 300–1100 m section crosses 333	
undisturbed, non-patterned tundra; and the 1100–2000 m section spans undisturbed, patterned 334	
tundra. In all months of DTS data collection, the temperatures in the civil infrastructure zone are 335	
consistently higher than those in the tundra. Fig. 5 shows the spatiotemporal variations of the 336	
temperature profile at the depth of permafrost table based on available DTS data. The ground 337	
temperature ranges from -10 to 10 °C. The localized variability indicates strong impact of micro-338	
environmental conditions, such as cryo-structure, vegetation, snow cover, surface water, and 339	
proximity to civil infrastructure on permafrost thermal regime. 340	
 341	
The DTS temperate data are validated by borehole temperature measurements (Nicolsky and 342	
Wright, 2023). Two boreholes were drilled in August 2022 beside the DTS cable, one is along a 343	
road in the infrastructure area, one at approximately 1000 meters away from the infrastructure 344	
area. Two thermometers were installed at 0.15 m and 1.5 m depths in each borehole. Fig. 6 shows 345	
the air temperature, permafrost temperature measurements obtained from DTS in both the civil 346	
infrastructure and tundra areas, and thermometer recordings at depth of 0.15 m. The DTS results 347	
closely align with the thermometer readings, validating the reliability of the DTS method.  348	
 349	
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 350	
Figure 5. Composed temperature profile based on available DTS data. The vertical blank strip is 351	
the section where the DTS cable is attached to a building above ground.	Due to power outages, 352	
the DTS data in the first year from September 2021 to August 2022 and in other periods 353	
represented by horizontal blanks are not shown. 354	
 355	
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 356	
Figure 6. Comparison with air temperature, permafrost temperature measurements obtained 357	
from DTS in both the civil infrastructure and tundra areas, and thermometer recordings at depth 358	
of 0.15 m. The DTS results closely align with the thermometer readings, validating the reliability 359	
of the DTS method. 360	
 361	
4.2 Infrastructure-related permafrost warming 362	
 363	
As revealed by Fig. 6, ground temperatures at the depth of permafrost table in the civil 364	
infrastructure area are approximately 1.4 °C higher than those in the tundra in the entire DTS data 365	
collection period, and the difference becomes more pronounced during winter (November to 366	
March of the following year), reaching a difference of 3.3°C. This temperature difference 367	
highlights the significant thermal influence of civil infrastructure on permafrost, which may have 368	
serious implications for the long-term stability of permafrost in developed areas.  369	
 370	
The comparison of permafrost and air temperatures in Fig. 7 highlights the temperature dynamics 371	
associated with the permafrost’s freeze-thaw cycles. This dynamics of permafrost temperature and 372	
air temperature is distinctly segmented into two phases: freezing, and thawing. Ground thawing is 373	
characterized by faster transition, while ground freezing experiences gradual process due to the 374	
asymmetric latent heat exchanged in the phase change. The figure also clearly reveals that ground 375	
temperatures in infrastructure area are consistently higher than the those in the tundra throughout 376	
the recording period. 377	
 378	
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 379	
 380	
Figure 7. Ground temperature and air temperature comparison from September 2022 to May 381	
2024 in civil infrastructure area and tundra area. 382	
 383	
4.3 Meter-scale thermal heterogeneity associated with ice-wedge polygon 384	
microtopography 385	
 386	
High-resolution DTS measurements reveal pronounced meter-scale variability in near-surface 387	
ground temperatures that aligns with ice-wedge polygon microtopography along the transect in 388	
both summer and winter seasons as shown in Figs. 8a and 8b, which overlay the DTS-derived 389	
temperature profile on ground surface satellite imagery. The blue markers indicate constant lower 390	
temperature locations, which tend to align with troughs of ice-wedge polygons, compared with 391	
adjacent locations, primarily due to the presence of ice wedges beneath the troughs. This 392	
phenomenon is critical for understanding permafrost dynamics in patterned tundra landscapes, as 393	
the differential temperature distribution within these polygons can lead to localized thawing and 394	
subsidence. 395	
 396	
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 	  397	
 (a)       (b)  398	
Figure 8. Ground temperatures in ice-wedge polygon region with distance along fiber 1560 m – 399	
1730 m in December 2022 (a), and July 2023 (b). Aerial maps are based on ArcGIS (Esri, 2020) 400	
 401	
Fig. 9 illustrates the variations in ground temperature difference in each area over time relative to 402	
the mean ground temperature, 𝑇 − 𝑇78.9 , where 𝑇78.9  is the mean ground temperature of the 403	
entire 2 km DTS cable route at the depth of permafrost table. During July to September 2023, the 404	
nonpatterned tundra area had the lowest temperatures compared to other areas. Outside of this 405	
period, it exhibits similar or even higher temperatures compared to the patterned permafrost and 406	
ponded permafrost areas. The patterned tundra and ponded surface areas demonstrate a similar 407	
temperature variation pattern, indicating that both experienced similar thermal dynamics 408	
throughout the year. This observed behavior suggests that the thermal properties of non-patterned 409	
tundra are more sensitive to seasonal fluctuations during the summer months, likely due to reduced 410	
surface insulation and increased exposure to atmospheric heat. Civil infrastructure area 411	
consistently shows positive deviation from the mean permafrost temperature along the DTS 412	
transect.  413	
 414	
Together, these observations demonstrate that DTS measurements capture persistent meter-scale 415	
heterogeneity in ground temperatures associated with ice-wedge polygon microtopography. The 416	
spatial continuity of the DTS dataset allows direct resolution of microtopographic thermal 417	
structure along the transect, revealing fine-scale variability that is not accessible using point-based 418	
temperature measurements. 419	
 420	
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 421	
Figure 9. Temporal variations of subsurface temperature relative to the mean subsurface 422	
temperature. 423	
 424	
4.4 Hysteresis-model reconstruction of missing DTS observations and freeze–thaw 425	
dynamics 426	
 427	
The multivariate hysteresis model successfully reconstructs missing DTS observations and 428	
captures seasonal freeze–thaw behaviors across the transect. Fig. 10 presents a complete 429	
temperature profile from September 2021 to May 2024, with data gaps filled by model estimates. 430	
A clear pattern emerges in the annual freezing processes: subsurface temperatures dropped below 431	
0°C in October 2021, November 2022, and December 2023, with one month delay of ground 432	
freezing in each year. These transitions are closely linked to the local air temperature trends. In the 433	
comparatively warmer year (winter of 2022-2023), permafrost freezing occurred later, and the 434	
freeze duration was shorter, even though in all three years, air temperatures fell below 0°C starting 435	
in October. Fig. 10 shows that reconstructed temperature fields closely match observed DTS 436	
measurements during periods of continuous data availability, reproducing both the timing and 437	
amplitude of seasonal temperature variations. Model performance is consistent across multiple 438	
years and along the full length of the transect. Temporal alignment of freeze onset and thaw 439	
progression is preserved. The hysteresis-based reconstruction reproduces spatial patterns of 440	
temperature heterogeneity observed in the original DTS measurements. This spatial fidelity is 441	
maintained across both tundra and infrastructure-associated segments of the transect. These results 442	
demonstrate that the hysteresis model provides a robust framework for reconstructing incomplete 443	
DTS time series while retaining key temporal and spatial characteristics of observed permafrost 444	
temperatures.  445	
 446	
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 447	
Figure 10. Complete spatiotemporal ground temperature profile at the permafrost table based on 448	
DTS measurements and hysteresis model predictions. The vertical blank strip is the section 449	
where DTS cable is attached to a building above ground. 450	
 451	
4.5 Projected permafrost warming along the DTS transect under future climate scenarios 452	
 453	
Using the reconstructed DTS temperature record as a baseline, projected permafrost temperature 454	
evolution along the transect indicates continued warming through 2075 under both intermediate- 455	
and high-emission climate forcing scenarios (Fig. 11). Projected temperature trajectories show a 456	
consistent upward trend across the full transect, with spatial patterns of warming broadly aligned 457	
with those observed during the monitoring period. Under the intermediate-emission RCP 4.5 458	
scenario, projected temperatures increase gradually over time, with warming rates varying 459	
spatially along the transect (Figs. 11b, 11e). Some segments exhibit stronger warming than others, 460	
reflecting persistent lateral thermal heterogeneity evident in the historical DTS observations and 461	
enabling assessment of how existing spatial heterogeneity may evolve under future climate 462	
forcing. Despite differences in magnitude, warming is observed across all transect segments. 463	
Under the high-emission RCP 8.5 scenario, projected warming is more pronounced (Figs. 11c, 464	
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11f). The divergence between the two scenarios increases over time, particularly after mid-century. 465	
Spatial contrasts in temperature remain evident, with warmer and cooler zones maintaining relative 466	
differences throughout the projection period. 467	
 468	

            469	

                   470	
       (a) February 2025         (b) February 2075 (RCP 4.5)   (c) February 2075 (RCP 8.5) 

 

               471	

                  472	
      (d) July 2025        (e) July 2075 (RCP 4.5)            (f) July 2075 (RCP 8.5) 473	
 474	
Figure 11. Permafrost temperature predictions under RCP 4.5 and RCP 8.5 along the DTS cable 475	
route. Aerial maps are based on ArcGIS (Esri, 2020) 476	
 477	
 478	
5. Discussion 479	
 480	
5.1 Spatial heterogeneity as a defining characteristic of near-surface permafrost 481	
warming 482	
 483	
The DTS observations demonstrate that near-surface permafrost warming is highly 484	
heterogeneous at both kilometer and meter scales, even within a single, contiguous tundra 485	
landscape. Persistent lateral temperature contrasts observed along the transect indicate that 486	
permafrost thermal regimes cannot be adequately represented by spatially sparse point 487	
measurements alone. These findings reinforce the growing recognition that permafrost warming 488	
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is not spatially uniform, but instead reflects the combined influence of local surface conditions, 489	
subsurface properties, and landscape structure (Romanovsky et al., 2010; Biskaborn et al., 2019). 490	
	491	
The stability of spatial temperature patterns across multiple years suggests that heterogeneity is a 492	
structural feature of the system rather than a transient response to short-term climate variability. 493	
Warmer and cooler zones identified in the DTS record remain coherent through seasonal freeze–494	
thaw cycles and interannual fluctuations, implying long-lived controls on subsurface heat transfer. 495	
Such persistence has important implications for interpreting borehole records, which may capture 496	
site-specific behavior that is not representative of surrounding terrain. 497	
 498	
5.2 Thermal impacts of transportation infrastructure on permafrost 499	
 500	
The consistently higher subsurface temperatures observed along transportation infrastructure 501	
corridors relative to adjacent tundra highlight the strong thermal imprint of linear infrastructure on 502	
permafrost. The reduced seasonal temperature amplitude associated with infrastructure-aligned 503	
segments indicate sustained modification of subsurface thermal conditions rather than episodic 504	
disturbance. These results align with previous observations of infrastructure-related permafrost 505	
warming and degradation in Arctic environments (Farquharson et al., 2019; Hjort et al., 2018). 506	
 507	
Importantly, the DTS measurements reveal that infrastructure-associated warming extends 508	
laterally beyond the immediate footprint of the corridor and persists below the active layer. This 509	
suggests that thermal disturbances introduced at the surface can propagate into the underlying 510	
permafrost, potentially reducing long-term ground stability. The spatial continuity of the DTS 511	
dataset provides direct evidence of how infrastructure modifies permafrost temperature fields over 512	
distances that are difficult to capture using discrete monitoring approaches. 513	
 514	
5.3 Microtopographic controls on permafrost thermal regimes 515	
 516	
At the meter scale, DTS observations resolve distinct thermal signatures associated with ice-wedge 517	
polygon microtopography. Systematic temperature differences between polygon centers, rims, and 518	
troughs demonstrate that microtopographic position exerts a first-order control on near-surface 519	
permafrost temperatures. These contrasts persist through seasonal transitions and extend below the 520	
active layer, indicating that microtopography influences subsurface heat storage and transfer rather 521	
than only surface energy balance. 522	
 523	
The ability to directly observe polygon-scale thermal structure provides new insight into the role 524	
of fine-scale landscape features in shaping permafrost response to climate forcing. Such 525	
microtopographic variability is likely to influence thaw progression, hydrologic connectivity, and 526	
the development of thermokarst features, reinforcing the need to account for small-scale 527	
heterogeneity when assessing permafrost vulnerability. 528	
 529	
5.4 Value of hysteresis-based reconstruction for long-term DTS analysis 530	
 531	
The hysteresis-based reconstruction framework enables continuous analysis of multi-year DTS 532	
observations despite data gaps caused by power interruptions and operational constraints. By 533	
explicitly accounting for nonlinear freeze–thaw behavior, the model preserves both temporal 534	
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dynamics and spatial heterogeneity in reconstructed temperature fields. Agreement with 535	
independent borehole measurements demonstrates that the approach retains physical realism while 536	
extending the usability of long-term DTS datasets. 537	
 538	
The reconstruction results highlight the importance of incorporating thermal memory and seasonal 539	
hysteresis when analyzing permafrost temperature records. Approaches that neglect these effects 540	
risk misrepresenting transition periods and attenuating spatial contrasts, particularly in 541	
heterogeneous landscapes. The demonstrated ability to reconstruct missing data without 542	
smoothing lateral structure expands the potential for DTS to support climate-scale permafrost 543	
monitoring. 544	
 545	
5.5 Implications for projecting permafrost warming along infrastructure corridors 546	
 547	
Projections of permafrost temperature evolution along the DTS transect indicate sustained 548	
warming through mid-century under both intermediate- and high-emission scenarios. The 549	
persistence of spatial temperature contrasts in the projections suggests that existing heterogeneity 550	
will continue to shape future permafrost conditions, rather than being homogenized by regional 551	
warming. Infrastructure-associated warm zones remain distinct from cooler tundra segments, 552	
implying that areas already experiencing elevated temperatures may continue to represent zones 553	
of heightened vulnerability 554	
	555	
These results underscore the value of using spatially resolved observational records to constrain 556	
projections of permafrost warming. By anchoring future trajectories to measured subsurface 557	
temperature patterns, the approach provides a pathway for assessing how localized thermal 558	
anomalies may evolve under changing climate conditions. 559	
 560	
5.6 Limitations and outlook 561	
 562	
Several limitations should be considered when interpreting these results. The DTS transect 563	
represents a specific environmental and infrastructural setting, and thermal responses may differ 564	
in regions with contrasting soil properties, snow regimes, or infrastructure designs. In addition, 565	
projections rely on climate forcing scenarios and assumptions that introduce uncertainty, 566	
particularly beyond mid-century. While the hysteresis-based reconstruction performs well across 567	
observed conditions, its applicability to substantially altered future regimes warrants continued 568	
evaluation. 569	
 570	
Despite these limitations, this study demonstrates the power of long-term, high-resolution DTS 571	
observations for characterizing permafrost thermal dynamics across scales. The combination of 572	
continuous spatial monitoring and physically informed modeling provides a framework for 573	
advancing permafrost science and improving assessments of infrastructure resilience in a warming 574	
Arctic. The 2-km multimode fiber optic cable is expected to remain in the permafrost tundra, 575	
providing a unique future environmental monitoring opportunity to other researchers. 576	
 577	
 578	
 579	
 580	
 581	
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6. Conclusions 582	
 583	
This study demonstrates the capability of kilometer-scale distributed temperature sensing (DTS) 584	
to resolve near-surface permafrost thermal dynamics across heterogeneous Arctic landscapes. 585	
Continuous observations at the boundary between the active layer and permafrost reveal 586	
pronounced spatial and temporal variability that is not captured by conventional point 587	
measurements. Building on these observations, we developed a data-driven hysteresis model that 588	
reproduces the delayed and asymmetric response of ground temperature to atmospheric forcing 589	
while incorporating key meteorological and surface controls. 590	
 591	
The DTS record shows a persistent warming signal associated with civil infrastructure. Throughout 592	
the monitoring period from September 2021 to May 2024, permafrost temperatures in 593	
infrastructure areas remained consistently higher than those in adjacent tundra, with an average 594	
difference of 1.6 °C and winter contrasts reaching 3.6 °C. These results provide direct evidence 595	
that infrastructure substantially alters local permafrost thermal regimes and may increase long-596	
term vulnerability to thaw-related instability. 597	
 598	
The observations also reveal strong fine-scale heterogeneity in patterned tundra. Ice-wedge 599	
polygon troughs consistently remain cooler than adjacent polygon centers, indicating that 600	
subsurface ice distribution and microtopography exert first-order controls on ground thermal 601	
conditions. This persistence of meter-scale contrasts shows that permafrost warming is not 602	
spatially uniform, but is structured by landscape properties that govern heat transfer and storage. 603	
 604	
The hysteresis model captures these dynamics and provides a practical framework for 605	
reconstructing missing observations and projecting permafrost temperatures under changing 606	
climate conditions. Because monitoring interruptions are common in polar environments, this 607	
capability substantially extends the value of long-term DTS deployments. More broadly, the 608	
framework offers a transferable approach for linking dense observational datasets with predictive 609	
analysis across permafrost terrains with varying ground and surface conditions. 610	
 611	
Our results further highlight the importance of latent heat effects in governing freeze-thaw 612	
behavior. Rapid warming during thaw and slower cooling during freeze reflect the combined 613	
influence of phase change, thermal inertia, and environmental forcing. Together, these processes, 614	
amplified by infrastructure disturbance and landscape heterogeneity, shape the trajectory of near-615	
surface permafrost change. This study therefore advances both observational and predictive 616	
understanding of permafrost thermal dynamics and provides a foundation for improving 617	
assessments of Arctic landscape and infrastructure vulnerability in a warming climate. 618	
 619	
 620	
Appendix A: DTS data processing approach 621	
 622	
Raw DTS data were processed through several steps including calibration, drift correction, and 623	
moving spatial averages to generate reliable temperature profiles (Fig. A1a). Calibration was 624	
performed using reference fiber sections with known, stable temperatures measured by Probe 2 625	
(Fig. A1b). These sections serve as benchmarks to correct systematic errors. Probe 1 represents a 626	
probe that was fed through a wall conduit and attached to the outside of the DOE ARM building 627	
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to read air temperature (fiber length 45 – 50 m and 3860 – 3865 m), which should be matched by 628	
a section of cable attached to the building before it entered the ground. However, based on the 629	
recording shown in Fig. A1b, Probe 1 does not have enough stable sections for calibration. Probe 630	
2 corresponds to a section at room temperature attached to the wall behind the interrogator inside 631	
the climate-controlled building, the temperature is matched by the sections of cable inside the 632	
building at the beginning and end of the optical path. Therefore, only Probe 2 is used for calibration 633	
at the two sections along the cable. 634	
 635	
DTS data calibration is performed using a Python-based DTS calibration package (des Tombe et 636	
al., 2020). A moving special average is added after the calibration. For double-ended 637	
measurements, forward and backward measurements are aligned to improve accuracy. The DTS 638	
system may experience drift, a gradual shift in measurements over time, which introduces 639	
systematic bias. Drift correction is essential for maintaining long-term data accuracy. This is 640	
achieved by referencing stable sections of Probes 2 of the fiber optic cable, where temperature 641	
variations are assumed to be minimal (Voigt et al., 2011). Temporal changes in permafrost 642	
temperature are assessed by calculating temperature gradients over discrete intervals (Pallard et 643	
al., 2023). 644	
 645	
The double-ended configuration enhances calibration accuracy by reducing errors across the entire 646	
fiber length. Fig. A1c illustrates the estimated variances of noise in the Stokes and anti-Stokes 647	
measurements and demonstrates that the weighted variance remains consistently low due to the 648	
joint use of forward and backward measurements. Fig. A1d presents an example of the calibrated 649	
temperature profiles on September 10, 2021, along with a 95% confidence interval. This shows 650	
the temperature variation along the fiber length and how calibration significantly reduces noise in 651	
the raw data.  652	
 653	

 654	
(a) DTS data processing workflow 655	

 656	
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 657	
(b) Raw data with reference fiber sections in grey area on December 17th, 2022. 658	

 659	

 660	
(c) Estimate the variance of the noise in the Stokes and anti-Stokes measurements 661	
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 662	
(d) Calibrated DTS results with 95% confidence interval (CI) on September 10th, 2021 663	

 664	
Figure A1. DTS data calibration procedure. (a) DTS data processing workflow. (b) Raw data with 665	
reference fiber sections in grey area on December 17th, 2022. (c) Estimate the variance of the noise 666	
in the Stokes and anti-Stokes measurements. (d) Calibrated DTS results with 95% confidence 667	
interval on September 10th, 2021 668	
 669	
 670	
Figure A2 shows an example of the calibrated temperature profiles with raw DTS data from 671	
September 2021 to January 2024. 672	
 673	

 674	
(a) September 2021    (b) September 2022 675	

 676	
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 677	
(c) October 2022    (d) November 2022 678	

 679	
(e) December 2022   (f) March 2023 (Only March 24 – 31) 680	

 681	
 (g) July 2023 (Only July 25 – 31)        (h) August 2023 682	
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 683	
(i) October 2023    (j) November 2023 684	

 685	
(k) December 2023    (l) January 2024 686	

 687	
Figure A2. Horizontal 1D temperature profile based on DTS, including near infrastructure and 688	
tundra permafrost. In each figure, the line represents the average monthly temperature. 689	
 690	
 691	
Appendix B: Hysteresis-based model formulation 692	
 693	
Table B1 presents collinearity tests using the variance inflation factor (VIF). VIF is used to assess 694	
the interdependence of meteorological variables and ensure robust model formulation. The VIF 695	
values for the initial set of variables (Round 1) of atmospheric pressure and relative humidity are 696	
extremely high (273.38 and 321.38, respectively), indicating significant multicollinearity. In 697	
Round 2, relative humidity with the highest VIF is excluded from the model; the updated VIF 698	
values decrease substantially, with VIF value of temperature dropping from 5.97 to 1.82 and VIF 699	
value of atmospheric pressure decreasing from 273.38 to 6.19, while wind speed VIF value 700	
remains relatively stable (5.04 to 5.02). The reduction in VIF values confirms that multicollinearity 701	
is effectively mitigated by removing relative humidity. The high VIF value of relative humidity in 702	
Round 1 indicates its high correlation with other predictors, particularly air temperature, which 703	
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introduces redundancy and instability into the hysteresis model. By excluding relative humidity, 704	
the model becomes more stable and simpler, while retaining its predictive capability.   705	
 706	
Table B1. Variance Inflation Factor (VIF) of meteorological variables  707	
Variables VIF in Round 1 VIF in Round 2 
Air Temperature 5.97 1.82 
Wind Speed 5.04 5.02 
Atmospheric Pressure 273.38 6.19 
Relative Humidity 321.38 Removed 

 708	
 709	
To partition the cable locations into distinct thermal–hydrological regimes, the K-means clustering 710	
algorithm is applied (MacQueen, 1967). K-means seeks to group n observations into k clusters by 711	
minimizing the within-cluster sum of squared distances to each cluster’s centroid. There are three 712	
standardized features considered in the K-means clustering for each location: (1) variation range 713	
of temperature offset 𝑇 − 𝑇.:; , (2) mean absolute temperature offset |𝑇 − 𝑇.<;|HHHHHHHHHHHH, and (3) initial 714	
ground surface condition categories. To determine the optimal number of clusters, Gaussian 715	
mixture models with components k = 1…10 are fitted and evaluated based on their Akaike 716	
Information Criterion (AIC) and Bayesian Information Criterion (BIC) values. Both criteria 717	
showed an inflection at k = 7. The results of K-means clustering are shown in Fig. B2, the 7 clusters 718	
are: completely exposed to air, short sections exposed to air or water, embedded in shallow depth 719	
or water, well embedded locations – civil infrastructure and nearby area, embedded in wet area, 720	
embedded near ice, well embedded locations – tundra area. Zoomed in sections are shown in Fig. 721	
B2, including known cable exposure area (classified as short sections exposed to air or water), 722	
cable embedded in ponded surface area (classified as embedded in wet area), ice-wedge polygon 723	
center (classified as well embedded locations – tundra area) and trough (embedded near ice). The 724	
well embedded locations cluster indicates the cable has no exposure to air, water or large ice body.  725	
 726	
Fig. B3 presents the first two features used for the K-means clustering, variation range of 727	
temperature offset 𝑇 − 𝑇.:; and mean absolute temperature offset |𝑇 − 𝑇.<;|HHHHHHHHHHHH. The cluster number 728	
is consistent with above. Larger mean absolute temperature offset indicates better isolation 729	
between air and permafrost. Well embedded locations of civil infrastructure and nearby area has 730	
the highest mean absolute offset |𝑇 − 𝑇.<;|HHHHHHHHHHHH = 4.4 °C. All the cable sections have mean absolute 731	
offset larger than 3.0 °C except for the completely exposed to air cluster, which has the lowest 732	
mean absolute offset |𝑇 − 𝑇.<;|HHHHHHHHHHHH = 2.0 °C. For short sections exposed to air or water, the mean 733	
absolute offset is between 3.0 °C – 3.5 °C. Therefore, in the study area, the mean absolute offset 734	
of permafrost and air temperature can be used to distinguish cable embedded condition and assist 735	
data quality assessment. 736	
 737	
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 738	
Figure B1. Example of the indicator of precipitation 𝑷𝒓 compared with real precipitation intensity 739	
𝑰. 740	
 741	
 742	
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 743	
Figure B2. Permafrost location clusters based on permafrost temperature range and absolute offset 744	
with air temperature. Aerial maps are based on ArcGIS (Esri, 2020) 745	
 746	
 747	

 748	
Figure B3. Permafrost temperature clusters temperature variation range and mean absolute offset 749	
with air temperature 750	
 751	
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 752	

 753	
Figure B4. Hysteresis model parameter values. (a) 𝒂𝟎; (b) 𝒂𝟏; (c) 𝒂𝟐; (d) 𝒂𝟑; (e) 𝒂𝟒; (f) 𝒂𝟓 for 754	
snow-covered season; (g) 𝒂𝟓 for snow-free season 755	
 756	
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