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Abstract Interannual variability in snowmelt onset triggers dynamic responses in processes like surface
energy exchange and the hydrological cycle through interactions between vegetation, soil and atmosphere,
significantly affecting subsequent fire weather. However, it still remains unclear how shifts in snowmelt onset
regulate fire weather and thereby wildfire dynamics during the following seasons. We analyze snowmelt onset
dates and wildfire data for northern latitudes (>40°N) and find that interannual variability in snowmelt onset
critically influences wildfire dynamics during post-snowmelt periods, with earlier snowmelt tending to increase
wildfire incidence. This influencing role is primarily associated with the snowmelt onset-induced variations in
vapor pressure deficit, which is geographically pronounced in 47.5% of the northern latitudes, contributing
57.1% of the total influencing role, approximately doubling the contribution from plant water deficit or fuel
moisture content and fuel availability. Mechanistically, compared to late snowmelt onset, early vegetation
spring green-up caused by an earlier occurrence in snowmelt leads to early moisture consumption. This, in turn,
amplifies plant water deficits, which limit evaporative cooling and increase sensible heat fluxes, exacerbating
atmospheric dryness and creating favorable conditions for wildfires during the post-snowmelt period. The
reveal of these mechanisms has important implications for assessing wildfire risk, enhancing wildfire
simulations and forecasting in regions vulnerable to ongoing and future climate change, and projecting carbon-
climate feedback.

Plain Language Summary Shifts in snowmelt onset trigger dynamic responses of biophysical and
biogeochemical processes, which are important in shaping vegetation dynamics and fire weather, and
ultimately affect wildfire dynamics. We used multi-source data to examine the relationship between snowmelt
onset and wildfire dynamics. Our study found that shifts in snowmelt onset critically influence wildfire
dynamics, with an earlier snowmelt onset tending to increase wildfire incidence. This influencing role is
primarily through variations in vapor pressure deficit induced by shifts in snowmelt onset, which is observed
in 47.5% of the regions and contributed 57.1% of the total influencing role. Further mechanistic analysis
showed that, compared to late snowmelt, earlier occurrence in snowmelt triggers early vegetation green-up,
leading to premature moisture consumption and intensifying plant water deficits. This reduction in moisture
limits evaporative cooling and boosts sensible heat fluxes, thereby increasing atmospheric dryness. Such
conditions foster a conducive environment for wildfires after snowmelt. Our results have significant
implications for wildfire risk assessment, and enhancing wildfire simulations and forecasting in snow-covered
regions.
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1. Introduction

In the past two decades, the increasing occurrence of wildfires in the northern mid-to-high latitudes has exerted
extensive impacts on ecosystem function and the global terrestrial carbon cycle (Zheng et al., 2023). Shifts in
ignition patterns (Goulden et al., 2017; Pausas & Keeley, 2021), dry fuels (Flannigan et al., 2005, 2016), and
especially favorable fire weather conditions (Rantanen et al., 2022; Scholten et al., 2022; Westerling et al., 2006;
Zheng et al., 2021, 2023) caused by anthropogenic warming have been widely acknowledged as the key drivers of
the increase in wildfire frequency and intensity. However, due to the unique presence of snow cover in cold
regions (Koshkin et al., 2022; Li et al., 2017), anthropogenic warming has also triggered changes in snowmelt
onset, which may further regulate fire weather and influence wildfire dynamics during the following seasons
(Goulden et al., 2017; Zona et al., 2022). Given the increasing role of fire carbon emissions in the global carbon
cycle, it is imperative to assess the impact of changes in earlier snowmelt on wildfire dynamics.

Snow is an important component of global biophysical and biogeochemical processes (Ban et al., 2023;
Jakobs, 2021; Light et al., 2022; Milly & Dunne, 2020; Vrese et al., 2021), particularly in high altitude and
latitude regions. Crucially, the onset of snowmelt controls the start time of meltwater entry into biophysical and
biogeochemical processes, which in turn plays a vital role in shaping ecosystem functioning and the climate at
both local and global scales (Ban et al., 2023; Fontrodona-Bach et al., 2023; Vavrus, 2007; Vrese et al., 2021). For
instance, increasing temperatures in early spring trigger earlier occurrence in snowmelt and vegetation green-up,
leading to early consumption of soil moisture. This consequently leads to amplified atmospheric warming and
drought in the following seasons (Lian et al., 2020). Additionally, atmospheric warming creates favorable con-
ditions for the development of thunderstorms and lightning (Chen et al., 2021), which increases the likelihood of
dry fuel ignition. Although a few regional or local studies have linked wildfire activities to interannual variability
in snowmelt onset dates (Scholten et al., 2022; Westerling et al., 2006), the primary process and the underlying
mechanism by which shifts in snowmelt onset dates influences wildfire dynamics remains unclear.

Here, we find that interannual variability in snowmelt critically influences wildfire dynamics during post-
snowmelt periods, with earlier snowmelt tending to increase wildfire incidence. This influencing role was pri-
marily through snowmelt onset-induced variations in vapor pressure deficit (VPD). To examine the influence of
earlier snowmelt on subsequent wildfire dynamics, we firstly analyzed the dynamics of snowmelt onset extracted
from multiple snow water equivalent (SWE) and brightness temperature data sets, and investigated its rela-
tionship with the number of wildfire events and burned area based on satellite-derived observations. To inves-
tigate the underlying mechanisms of this relationship, we examined the linkage between snowmelt dates and
wildfire dynamics considering possible intermediate variables including fire weather, burning conditions, and
fuel moisture content and potential fuel availability.

2. Materials and Methods
2.1. Materials
2.1.1. Burned Area and Number of Wildfire Events

The MODIS sensors onboard the Terra and Aqua platforms play a significant role in monitoring wildfires and are
a crucial source of global data on the locations of wildfires and burned areas (Giglio et al., 2010). In this study, we
obtained the monthly global burned area at a spatial resolution of 500 m during 2001-2022 from the MCD64A 1
data set. The MCD64A1 burned area mapping approach combines 500 m MODIS surface reflectance imagery
with 1 km MODIS active wildfire observations, which enables accurate and detailed mapping of burned areas
(Giglio et al., 2015). To make a robust estimate, we used only the monthly burned area data with sufficient valid
data, as determined by the valid data flag—a quality assurance indicator (Qin et al., 2019). The valid data flag
assesses data availability for burned area mapping, with “sufficient valid data” indicating that the reflectance time
series within the 500 m grid cell contained adequate high-quality observations for reliable burned area monitoring
(Giglio et al., 2015). The information on the number of wildfire events for 2001-2022 was derived from the
MCD14DL data set. The number of wildfire events products were generated using automated wildfire detection
techniques to generate the daily global number of wildfire events information within each 1 X 1 km grid cell,
including essential details such as the geographic coordinates, date, and time of wildfires and confidence co-
efficients. To obtain robust estimates, we focused on the wildfires with a confidence coefficient threshold of 50%
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or higher (Giglio et al., 2016). To match the spatiotemporal resolution of the other data, the burned area and
number of wildfire events were aggregated and summed within each 0.25 X 0.25° grid cell at the monthly scale.

2.1.2. Climate and Other Auxiliary Data

The monthly climate data from 2001 to 2022, including soil moisture, precipitation, and air temperature,
evapotranspiration, potential evapotranspiration, sensible heat, surface albedo, downward radiation, net radiation
data, were derived from the fifth-generation European Center for Medium-Range Weather Forecasts (ECMWF)
reanalysis of land variables (ERAS5-Land) data set with a spatial resolution of 0.1 X 0.1°(Mufioz-Sabater
et al., 2021). The vapor pressure deficit (VPD) was calculated using 2 m air temperature, dew point temperature,
and altitude following the method outlined by Yao et al. (2023). The monthly climatic water deficit (CWD) (i.e.,
the difference between the potential evapotranspiration and actual evapotranspiration) from 2001 to 2022 was
derived from the TerraClimate data set with a 1/24° resolution (Abatzoglou, Balch, et al., 2018; Abatzoglou,
Dobrowski, et al., 2018). The fuel moisture content and potential fuel availability from 2001 to 2022 was assessed
using the buildup index (BUI). These data were obtained from historical fire danger indices provided by the
Copernicus Emergency Management Service for the European Forest Fire Information System (EFFIS). This data
set includes daily 0.25° fire danger indices based on three models developed in Canada, the US, and Australia
(Kropp et al., 2022). The BUI is a critical component of the Fire Weather Index System and is a measure of
weighted duff moisture code and drought code, indicating overall fuel moisture content and potential fuel
availability for combustion. The climate and auxiliary data were aggregated and averaged within each
0.25 x 0.25° grid at the monthly scale. The solar-induced chlorophyll fluorescence-based gross primary pro-
ductivity (GPP) product was obtained from Li and Xiao (2019), which provided 8-day GPP estimates spanning
from 2000 to 2022 at a spatial resolution of 0.05°. To harmonize with the temporal resolutions of other climate
data sets, we aggregated the 8-day GPP estimates into a monthly average. The start of growing season was derived
from MCD12Q2 data set, which provided annual phenology estimates since 2001 at a spatial resolution of 500 m
(Friedl et al., 2019). The aridity index data set was obtained from Zomer et al. (2022), and was calculated based on
the ratio of multi-yearly average precipitation between 2001 and 2022 to potential evapotranspiration. Addi-
tionally, to align with the spatial resolutions among multiple data sets, we unified and averaging aggregated the
spatial resolution to 0.25°.

2.2. Methods
2.2.1. Extraction of Snowmelt Onset

We determined the snowmelt onset dates from the snow water equivalent and brightness temperature (Tb;
Maslanik & Stroeve, 2004) data sets, separately (Figure S1 in Supporting Information S1). For the SWE-based
snowmelt onset, we defined the snowmelt onset as the last day of the peak SWE during the snow year (i.e., 1
September to 31 August; Inouye & McGuire, 1991; Kropp et al., 2022). Low SWE values can make it difficult to
accurately measure and characterize the melting process. Consequently, we excluded pixels with maximum SWE
values of <40 mm (Fontrodona-Bach et al., 2023; Kropp et al., 2022). To eliminate locations with no persistent
snow cover or snowmelt timing, we also excluded pixels with <30 days of SWE observations above the minimum
threshold of 40 mm during the spring (February—June; Kropp et al., 2022). We used the daily SWE data from the
ERAS-Land (Mufloz-Sabater et al., 2021) and GLDAS 2.2 (Li et al., 2019) data sets to determine the timing of the
onset of snowmelt. In addition, snowmelt (i.e., the transition from dry snow to a wet regime) can also be
recognized using the sharp change in the difference in the Tb (TbD = Tb (19V) — Tb (37V)), which is calculated
as the difference of the brightness temperature between the vertical polarization of 19 (SSMI and SSMIS) or 18
(SMMR) GHz and 37 GHz from passive microwave sensors (Takala et al., 2009; Wang et al., 2013). To increase
the robustness of our calculations, we also calculated the onset of snowmelt using the daily Tb extracted from the
SMMR, SSM/I, and SSMIS. The onset of snowmelt was defined as the day when the difference in the daily TbD
and the previous 3-day average (M) was greater than a threshold (TH1 = 0.35 X M) for four or more consecutive
days (Wang et al., 2013). Given the predominant occurrence of snowmelt during spring months, we reported
snowmelt onset dates using the day of the calendar year (January—December) in this study to enable robust
analysis of its cascading effects on wildfire activity throughout the primary fire season (March—October; Figure
S2 in Supporting Information S1).
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2.2.2. Quantifying the Influence of Earlier Snowmelt Onset on Subsequent Wildfires

We used partial correlation analysis to investigate the relationship between the onset of snowmelt and the number
of wildfire events and burned area during the post-snowmelt period after removing the effects of temperature and
total precipitation. To explore how the earlier snowmelt onset affected the number of wildfire events and burned
area during the post-snowmelt period, we investigated the influence of snowpack on vegetation growth and
climate (Ban et al., 2023; Inouye & McGuire, 1991; Pirk et al., 2023; Vavrus, 2007; Vrese et al., 2021; Zona
et al., 2022), as well as other factors influencing the occurrence of wildfires (Jones. et al., 2022; Pausas &
Keeley, 2021; Zheng et al., 2023), by considering three main pathways: fire weather, vegetation dryness, and fuel
moisture content and fuel availability for combustion. The fire weather, vegetation dryness, and fuel moisture
content and fuel availability for combustion were denoted by the average VPD, CWD, and BUI, respectively. We
conducted partial correlation analyses between the snowmelt onset dates and the VPD, CWD, and BUI after
removing the effects of temperature and total precipitation. Similarly, to explore the effectiveness of each
pathway on the number of wildfire events and burned area during the post-snowmelt period, we also conducted
partial correlation analyses between VPD, CWD, and BUI and the number of wildfire events and burned area. To
minimize the influence of deliberate ignition, we analyzed only those pixels that were covered with natural
vegetation before the wildfire based on the annual land-cover type data provided by the ESA Climate Change
Initiative (ESA, 2017). This approach meant that we excluded pixels associated with fires on farmlands, wetlands,
urban and built-up land, and other land types with minimal vegetation. Considering the main fire season typically
started in March and ended in October (Figure S2 in Supporting Information S1), and the burned area and number
of wildfire events during this period accounted for 98.5% and 97.1% of the annual totals, respectively (Figure S2
in Supporting Information S1). Therefore, this study defined the post-snowmelt period as the duration from the
month following snowmelt onset to October. The average values of the VPD, CWD, BUI, and temperature during
the post-snowmelt period were calculated, and the cumulative values of the precipitation, number of wildfire
events and burned area were calculated. Considering the climatic variables are coupled, direct analysis of the
relationship between snowmelt onset and climatic variables will cause greater uncertainty in the results. To reduce
the influence of the long-term dependencies of these variables, each variable was calculated as the year-to-year
variations. In terms of each variable, the year-to-year variation in this study was calculated based on two
consecutive years, which were estimated as the value of the following year minus the previous year. Different
from the long-term trend of snowmelt onset shown in Figure 1, such an approach based on the difference between
consecutive years effectively isolates short-term variability by mathematically decoupling the signal from po-
tential confounding effects of long-term covariate dependencies (Forzieri et al., 2020; Lai et al., 2024). We only
focused on the pixels in which for any two consecutive years, a wildfire occurred in at least 1 year. To increase the
sample size and enhance the reliability, the partial analyses were conducted using all burned pixels withina 9 X 9-
pixel moving window. To further quantify the influence of earlier snowmelt onset on the dynamics of post-
snowmelt wildfires through the three pathways, we conducted a path analysis to explore the underlying mech-
anisms associated with the linkage between the onset of snowmelt and the number of wildfire events and burned
area during the post-snowmelt period using a structural equation model (SEM). The SEM also considered the
influences of precipitation and temperature on VPD, CWD, BUI, number of wildfire events, and burned area. The
SEM was applied at the grid level and was based on the normalized year-to-year variations. The path effect
through each pathway (e.g., VPD) was the indirect path effect of the snowmelt onset on the number of wildfire
events (burned area) during the post-snowmelt period via VPD. This indirect path effect was estimated as the
product of the two direct path effects: (a) snowmelt onset on VPD, and (b) snowmelt onset-induced VPD on
the number of wildfire events (burned area). We estimated the path effect for each pathway and then used the
value to represent the magnitude and direction of the impact. We used the adjusted goodness of fit (AGFI), the
Tucker-Lewis index (TLI), the Chi-square P value for the model, and the ratio of chi-square to the degrees of
freedom (*/df) to verify the effectiveness of the constructed SEM. The constructed SEM was accepted when the
following conditions were met: AGFI > 0.9, TLI > 0.95, P > 0.05, and ledf < 3 (Hu & Bentler, 2009; Sem-
ain, 2015; Zheng & Bentler, 2024). It should be noted that the Chi-square P value assesses the overall fit and the
discrepancy between the true and fitted covariance matrices, and a P value greater than 0.05 indicates no sig-
nificant differences between the true and fitted covariance matrices, suggesting that the SEM provides a good fit
of data. As with the partial correlation analysis, the path analysis was conducted using 7 X 7,9 X 9, and 11 X 11
pixels spatial moving windows.
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Figure 1. Spatiotemporal changes in the onset of snowmelt and the number of wildfire events and burned area during the post-snowmelt period during 2001-2022.
(a) Spatial pattern of average snowmelt onset during 2001-2022 extracted from the ERAS-Land snow water equivalent (SWE) product. (b) Spatial pattern of change in
snowmelt onset during 2001-2022. The top numbers denote the areal proportions of onset of the snowmelt with delayed and advanced trends, while the numbers in the
parentheses denote the areal proportions of onset of snowmelt with significant trends (P < 0.05). The black dots indicate statistically significant trends (P < 0.05). The
insets present the histograms for the values. (c) The overall average trend of the onset of snowmelt during 2001-2022. (d) Number of wildfire events on land covered
with natural vegetation during the post-snowmelt period and its contribution to the annual number of fire events. (¢) Burned area for land covered with natural vegetation
during the post-snowmelt period and its contribution to the annual burned area. The day of the calendar year (rather than snow year) was adopted as the temporal
reference for reporting snowmelt onset dates.

3. Results and Discussions
3.1. Spatiotemporal Patterns of Snowmelt Onset and Growing Concern About Post-Snowmelt Wildfires

The snowmelt onset date derived from ERAS5-Land SWE data reveals that the onset of snowmelt mainly occurred
before May, with approximately 72.3% of the regions with snowmelt occurring during the spring (Figure 1a). As
expected, the snowmelt onset generally occurred later at higher latitudes. Over the last two decades, widespread
shifts toward earlier melting dates were observed across 78.1% of the study area, and pixels with significant
(P < 0.05) advancement of snowmelt onset were mainly concentrated in central Russia and northern Alaska
(Figure 1b). On average, the snowmelt onset advanced at a rate of 1.6 days per decade, although this trend was not
statistically significant (P = 0.08; Figure 1c). The shift in snowmelt onset trend was aligned with findings from
previous studies conducted in whole Northern Hemisphere (Li & Fan, 2025; Mioduszewski et al., 2015; Rii-
hel, 2019; J. Zheng et al., 2022; L. Zheng et al., 2022), Alaska (J. Zheng et al., 2022; L. Zheng et al., 2022), Arctic
areas (Wang et al., 2013), western United States (O'Leary et al., 2020), and Mongolia (Li et al., 2025), while the
specific magnitude of trends may vary due to the differences in study period to estimate the trend, data source, and
the methodology employed for snowmelt onset extraction.

XU ET AL.

5of 16

95USD17 SUOWILIOD BA1TE81D) 3|qeatdde ayy Ag peusenoB a2 Sao1Le YO ‘9SN J0 Sa|nJ 10} Aiq 1T 8Ul|UO AS|IM UO (SUONIPUOD-PUB-SWR)/LIY"AB | 1M Afe.q 11Bul Uo//SaiY) SUONIPUOD PUe SIS 1 U1 38S *[5202/0T/62] Uo Areiqiauluo As|im ‘ABojouyae ] JO AlsieAlun sieweyDd Ad £98900435202/620T OT/I0p/wod" Aa 1mAreiq 1 jpuljuo'sgndnBe//sdny Wwoay pepeojumod ‘0T ‘SZ0e ‘2.2v8282



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2025EF006367

For land covered with natural vegetation, the average annual burned area during the post-snowmelt period was
13.2 Mha yr~"' between 2001 and 2022, accounting for 47.6% of the annual burned area in this region (Figure le).
Similarly, the cumulative number of wildfire events on land covered with natural vegetation after snowmelt
accounted for 55.0% of the annual number of wildfire events (Figure 1d). In addition, the burned area and number
of wildfire events during the post-snowmelt period made increasing contributions to the annual total estimates
between 2001 and 2022 (Figures 1d and le), indicating the importance of clarifying the response of wildfires to
earlier snowmelt.

We also observed advanced snowmelt onset spatially from our analyses of the GLDAS SWE product and the
brightness temperature data set (Figures S3—S4 in Supporting Information S1). Regarding the snowmelt onset
extracted from GLDAS SWE and the temperature brightness data set, separately, no significant advancing trends
in the snowmelt onset were observed overall during 2004-2022 (Figure S3c in Supporting Information S1) and
2001-2022 (Figures S4c in Supporting Information S1), respectively. In addition, the GLDAS SWE-based es-
timates revealed that 58.2% of the regions exhibited the advanced trends, which is lower than that of ERAS Land
SWE-based estimates (Figures S3b in Supporting Information S1). These discrepancies between the GLDAS and
ERAS Land SWE-based snowmelt onset estimates may likely be attributed to differences in the study periods, the
differences in masked regions where there was low SWE or no persistent snow cover, and the differences in the
methodologies for generating SWE in two data sets (Shao et al., 2022). The differences between the brightness
temperature and ERAS5 Land SWE-based estimates may arise from the data availability constraints induced
inconsistent regions analyzed, as well as the differences in the methodologies used for snowmelt onset extraction.
In terms of snowmelt onset extraction methodology, the SWE-based method determines snowmelt onset by
identifying peak snow water equivalent, which marks the transition from accumulation to ablation phases ac-
cording to mass balance principles (Fontrodona-Bach et al., 2023). In comparison, the brightness temperature
method relies on microwave signal variations, particularly the characteristic rapid decrease in TbD that physically
corresponds to liquid water formation in surface snow layers (Wang et al., 2013, 2016).

3.2. Interannual Variability in Snowmelt Onset is Critically Associated With the Occurrence of Post-
Snowmelt Wildfires

The partial correlation analysis suggests that negative correlations between snowmelt onset extracted from
ERAS5-Land SWE product and the number of wildfire events (burned area) during the post-snowmelt period were
observed in more than 75.9% (74.5%) of the analyzed pixels, with over 41.1% (39.3%) of analyzed pixels
exhibiting significant (P < 0.05) correlations (Figure 2). This indicates that an earlier snowmelt onset facilitated
the occurrence of post-snowmelt wildfires. Positive correlations between snowmelt onset and the number of
wildfire events (burned area) during the post-snowmelt period were observed in only about 24.1% (25.5%) of the
analyzed pixels, with about 5.4% (6.6%) of the pixels exhibiting significant correlations. Similar partial corre-
lations between snowmelt dates and wildfire dynamics were obtained for the use of 7 X 7 and 11 X 11 moving
windows (Figure S5 in Supporting Information S1) and also for our analyses based on the GLDAS SWE and
brightness temperature data sets (Figure S6 in Supporting Information S1).

3.3. Potential Intermediate Processes Connecting Snowmelt Onset With Occurrence of Post-Snowmelt
Wildfires

Partial correlation analysis revealed significant negative correlations between snowmelt onset derived from
ERAS-Land SWE product and these intermediate processes (i.e., VPD, CWD, and BUI), and significant positive
correlations between these processes and the number of wildfire events and burned area during the post-snowmelt
period within a 9 X 9-pixel moving window (Figure S7 in Supporting Information S1). Consistent partial cor-
relations were obtained based on the GLDAS SWE product and brightness temperature data set (Figures S8-S9 in
Supporting Information S1). The results were consistent with the hypothesis that earlier snowmelt onset tends to
increase atmosphere dryness, plant water stress, and fuel moisture content and fuel availability, providing
favorable conditions for wildfire occurrence and spread. To further quantify the contributions of the three in-
termediate processes associated with snowmelt onset to the number of wildfire events and burned area, we
employed a structural equation model (SEM) to assess each pathway (Figure 3 and Figure S10 in Supporting
Information S1). Overall, the EARS5-Land-based estimates within a 9 X 9-pixel moving window revealed that over
78.9% of the analyzed pixels are with AGFI > 0.9, TLI > 0.95, P > 0.05, and y2/df < 3 (Figure S11 in Supporting
Information S1), demonstrating the suitability of our SEM for studying the pathways.
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Figure 2. Partial correlation coefficients between the snowmelt onset date and cumulative (a) number of wildfire events and
(b) burned area during the post-snowmelt period using a 9 X 9-pixel moving window. The snowmelt onset date was extracted
from the ERA5-Land snow water equivalent (SWE) product. The black dots indicate significant partial correlations

(P < 0.05). The numbers in the top denote the area proportions with positive (» > 0) and negative (r < 0) correlations, and the
number in the parentheses denotes the area proportions with significant correlations. The insets present the histograms for the
correlation coefficients, with the gray bar denoting the area proportions of statistically insignificant correlation coefficients.

The spatial patterns of the path effect derived from ERAS5-Land based estimates indicate that the shifts in
snowmelt onset mainly post negative impacts on the number of wildfire events during the post-snowmelt period
through VPD, CWD, and BUI in 72.2%, 60.7%, and 61.1% of the northern latitudes, respectively (Figures 3b-3d,
and Figure S12 in Supporting Information S1). This indicated that an earlier snowmelt may increase the post-
snowmelt incidence. Notably, the pathway analysis revealed that the snowmelt onset, through VPD, is associ-
ated with the largest path effect size on the number of wildfire events. Specifically, the average path effect of
snowmelt onset on the number of wildfire events through VPD was the strongest (—0.16), contributing 57.1% of
the overall path effect. This effect more than doubled that observed through CWD (—0.06) and BUI (—0.06;
Figure 3e). The path effect through VPD was also spatially the most extensive, encompassing 47.5% of the study
area, whereas that through CWD and BUI contributed roughly equivalent proportions, covering 25.9% and 26.6%
of the study area, respectively (Figure 3a). In terms of each land cover type, VPD consistently serves as the most
robust statistical predictor of the path effect between snowmelt onset and the number of wildfire events during
post-snowmelt period, contributing over 48.5% of the corresponding total path effect. The only exceptions
occurred in deciduous needleleaf forests, where BUI shows the greatest effect size, contributing over 47.0% of the
total path effect, and in shrublands, where CWD contributes most significantly to the path effect, contributing
over 51.9% of the total path effect (Figure 4a).

In each dominant pathway, defined as the pathway with the strongest path effect, the path effect of shifts in
snowmelt onset derived from the ERAS5 Land SWE product on the post-snowmelt wildfires showed a clear
dependence on aridity (Figures 5b—5d). Compared with arid regions, humid regions exhibited higher area pro-
portions of the negative path effect, indicating that an earlier snowmelt onset tended to result in a greater increase
in post-snowmelt wildfires in humid regions than in arid regions. Moving from arid to humid regions, the area
proportion where the intermediate effect of VPD increased the number of wildfire events during the post-
snowmelt period rose from 72.6% to 85.5% (Figure 5d). Similarly, for CWD, this proportion increased from
56.8% to 76.8%, and for BUI, it rose from 50.7% to 82.0% (Figure 5d). This occurred primarily because, in more
humid regions, areas where shifts in snowmelt onset negatively influence the VPD, CWD, and BUI were more
prevalent (Figure 5b). Moreover, in more humid regions, the VPD, CWD, and BUI had a more widespread
positive effect on the number of wildfire events during the post-snowmelt period (Figure 5c). Among different
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Figure 3. Pathway analysis of the potential mechanisms underlying the linkage between the onset of snowmelt and the number of wildfire events (FE) and burned area
(BA) via vapor pressure deficit (VPD), climatic water deficit (CWD), and buildup index (BUI). (a) Conceptual structural equation model (SEM) depicting the path
effect of the onset of snowmelt on FE and BA. (b—d, f-h), Spatial pattern of the path effect of the onset of snowmelt in terms of the FE (b—d) and BA (f~h) during the
post-snowmelt period via linkages with VPD (b, f), CWD (c, g), and BUI (d, h). The numbers on the top denote the area proportions with positive (+) or negative (—)
path effect. The inserts present the histograms for the path effect (e.g., Onset—VPD—FE), which was the indirect effect of the snowmelt onset on FE during the post-
snowmelt period via VPD, and was estimated as the product of the direct effect of snowmelt onset on VPD and the direct effect of VPD on FE. e, Average path effect of
the linkage between the onset of the snowmelt and the FE and BA during the post-snowmelt periods via VPD, CWD, and BUI, respectively. The error bar denotes the
95% confidence interval for the average path effect. The snowmelt onset dates were derived from the ERA5-Land SWE product. The pathway analysis was conducted

using all burned pixels within a 9 X 9-pixel moving window.

land cover types, except for deciduous needleleaf forests and shrubland, the area proportion of the negative path
effect of snowmelt onset on post-snowmelt wildfire through VPD was largest (Figure 6¢). This emerged because

of the more prevalent negative influence of shifts in snowmelt onset on VPD (Figure 6a), and a more widespread
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Figure 4. Statistical profiles of the average path effect of the linkage between the onset of the snowmelt and (a) the number of
wildfire events (FE) and (b) burned area (BA) via vapor pressure deficit (VPD), climatic water deficit (CWD), and buildup
index (BUI) in different land cover types, respectively. The error bar denotes the 95% confidence interval for the average path
effect. The path effect (e.g., Onset—VPD—FE) was the indirect effect of the snowmelt onset on FE during the post-snowmelt
period via VPDs, which was estimated as the product of the direct effect of snowmelt onset on VPD and the direct effect of
VPD on FE. The snowmelt onset dates were derived from the ERAS5-Land SWE product. The pathway analysis was
conducted using all burned pixels within a 9 X 9-pixel moving window. DBF, Deciduous broadleaf forest; ENF, Evergreen
needleleaf forest; DNF, Deciduous needleleaf forest; MF, Mixed forest; GRA, Grassland; SHRUB, Shrubland.
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Figure 5. Spatial and statistical profiles of the path effect of the onset of the snowmelt to the number of fire events and burned area via vapor pressure deficit (VPD),
climatic water deficit (CWD), and buildup index (BUI). (a, e) Spatial pattern of the contributions of VPD (magenta), CWD (cyan), and BUI (yellow) caused by shifts in
snowmelt onset to the FE (a) and BA (e) during the post-snowmelt period. (b—d, f~h) Area proportion of negative path effect between the onset of snowmelt and FE (b—d)
and BA (f-h) via the three intermediate processes in arid (aridity index (AI) < 0.2), semi-arid (0.2 < AI < 0.5), semi-humid (0.5 < AI < 0.65), and humid (AI > 0.65)
regions, including the area proportion of negative path effect between the onset of the snowmelt and intermediate processes (VPD, CWD, and BUI) (b) for FE and (f) for
BA), between the onset of the snowmelt and the FE (d) and BA (h) via the three intermediate processes during the post-snowmelt period, and the area proportion of
positive path effect between the three intermediate processes and FE (c) and BA (g) during the post-snowmelt period. The snowmelt onset dates were derived from the
ERAS5-Land SWE product. The structural equation model (SEM) was constructed using all burned pixels within a 9 X 9-pixel moving window.

positive effect of VPD on wildfires during the post-snowmelt period (Figure 6b). However, in deciduous nee-
dleleaf forests (shrubland), the largest area proportion of negative association occurred through BUI (CWD),
because BUI (CWD) was more obviously negatively influenced by shifts in snowmelt onset (Figure 6a) and more
positive effect on post-snowmelt wildfires (Figure 6b). We achieved consistent results from the pathway analyses
between snowmelt onset and burned area from our analyses of the GLDAS SWE product and temperature
brightness data set, and also for the use of different sizes of moving windows (Figures S12—S30 in Supporting
Information S1).

3.4. Potential Mechanisms for the Escalating Effect of Shifts in Snowmelt Onset on Wildfire Dynamics

To explore the deep mechanisms associated with the critical impact of the shift in snowmelt onset on post-
snowmelt wildfires via VPD and the other two intermediate pathway processes, we examined the changes in
possible processes or variables related to each intermediate pathway process (Figure 7 and Figure S31 in Sup-
porting Information S1), and compared the related shifts of the variables in regions with earlier and later snowmelt
onset dates derived from ERAS Land product (Figure 8 and Figure S32 in Supporting Information S1).

Generally, an earlier snowmelt onset triggers earlier seasonal phenological events (Billings & Bliss, 1959; Inouye
& McGuire, 1991; Slatyer et al., 2021) and regulates water circulation through vegetation during the subsequent
season (Guan et al., 2022; Slatyer et al., 2021; Vavrus, 2007), thereby increasing the vegetation water deficit and
atmospheric dryness during the peak growing season. Specifically, higher temperatures not only cause snow to
melt earlier but also advance the growing season (Figure S31d in Supporting Information S1), leading to earlier
soil moisture consumption (Figures 8a and 8b). This, in combination with a large moisture demand from increased
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Figure 6. Statistical profiles of the path effect of the onset of the snowmelt on the number of fire events and burned area via vapor pressure deficit (VPD), climatic water
deficit (CWD), and buildup index (BUI) in different land cover types. (a—c, d—f) Area proportion of negative path effect between the onset of snowmelt and FE (a—c) and
BA (d-f) via the three intermediate processes in different land cover types, including the area proportion of negative path effect between the onset of the snowmelt and
intermediate processes (VPD, CWD, and BUI) (a for FE and d for BA), between the onset of the snowmelt and the FE (b) and BA (e) via the three intermediate processes
during the post-snowmelt period, and the area proportion of positive path effect between the three intermediate processes and FE (c) and BA (f) during the post-
snowmelt period. The snowmelt onset dates were derived from the ERAS5-Land SWE product. The structural equation model (SEM) was constructed using all burned
pixels within a 9 X 9-pixel moving window. DBF, Deciduous broadleaf forest; ENF, Evergreen needleleaf forest; DNF, Deciduous needleleaf forest; MF, Mixed forest;
GRA, Grassland; SHRUB, Shrubland.

vegetation productivity (Figures 7a and 8a), results in a greater decrease in soil moisture during the summer and a
larger climatic water deficit compared to areas with later snowmelt onset dates (Figures 8b and 8c). The post-
snowmelt period consequently exhibits reduced soil moisture availability and heightened plant water stress,
which suppresses evaporative cooling while boosting sensible heat flux (Figures 8d and 8e). This thermal
feedback elevates local air temperatures (Seneviratne et al., 2010; Zona et al., 2022) and consequently increases
VPD (Figures S8f, S33b and S33c in Supporting Information S1).

In addition to the water cycle, the impacts of shifts in snowmelt onset on post-snowmelt wildfires may also
involve energy cycles. Specifically, earlier snowmelt induces a premature reduction in surface albedo (Figure
S32b in Supporting Information S1), significantly enhancing absorption of downward shortwave radiation during
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Figure 7. Spatial patterns of the trends of the anomalies in the environment variables. (a) gross primary production (GPP); (b) soil moisture; (e) climatic water deficit
(CWD); (d) evapotranspiration (ET); (e) sensible heat flux (SH); (f) vapor pressure deficit (VPD). The black dots indicate the regions with significant trends (P < 0.05).
The numbers in the top denoted the proportions of the areas in which increasing (+) or decreasing (—) trends, and the number in the bracket denoted the areal proportions

of significant trends.

240 20
a

200
& ——2001-2005 19
S 160 ——2018-2022{ 10
ke 120 —— Difference
% 80" 0

40 -5

0 N i .
JFMAMJJASOND
Month

E100r 4 ——2001-2005 130
é 80 ——2018-2022 24
»§ —— Difference 18
£ e 12
&
c 40 6
g
3 20l 0
§ 20 .
@ o

J FM AM

Difference in GPP (g C m?)

Difference in evapotranspiration (mm)

0.40 b 0.02
0.38 ——2001-2005
——2018-2022 0.01
’E‘O.SS —— Difference
Eosafon 0.00
!%0.32
-0.01
0.30
g2gh v o oo w4 . Jiom
J FMAMUJJASOND
Month

e 250 ——2001-2005

c 20 ——2018-2022

= 15 — Difference

< 10

3 5

£

o 0

% -5

[=

$-10 N P
JFMAMUJJASOND

Month

2

Difference in SM (mm)

Difference in sensible heat (KW h m2)

CWD (mm)

VPD (h Pa)

45 108
c
ol —2001-2005 =
——2018-2022 : g
27 — Difference 3
c
18 =
o 8
0
D
£
0 — - M e 55
J FMAMUJ JASOND
Month
7 f ——2001-2005]°® £
6 ——2018-2022| ) &
5 — Difference [a)
o
4 04>
c
3 £
@Q
2 0.2 S
o
1 002
0 n I I I L n n I 1 L L 5
JFMAMUJ JASOND
Month

Figure 8. Comparisons of the monthly average values of the environment variables for early and late snowmelt onset dates. (a) gross primary production (GPP); (b) soil
moisture (SM); (c) climatic water deficit (CWD); (d) evapotranspiration; (e) sensible heat flux, (f) vapor pressure deficit (VPD). To reduce noises and make robustness
estimates, we calculated the values of the above variables between five pairs of years (2001 and 2018, 2002 and 2019, 2003 and 2020, 2004 and 2021, and 2005 and
2022). For each pair, we used pixels with significantly advanced snowmelt onset dates, and other pixels that experienced earlier snowmelt onset dates than the former
pixels. Finally, we averaged the five pairs to report our estimates. The shaded area denotes the 95% confidence interval.
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Figure 9. Schematic diagram of the facilitating role of earlier snowmelt onset on post-snowmelt wildfires via vapor pressure deficit (VPD), climatic water deficit
(CWD), and buildup index (BUI). ET denotes evapotranspiration and Ta denotes air temperature. The number on each arrow represents the average path effect of the
shifts in snowmelt onset on the number of wildfire events derive from structural equation model constructed within a 9 X 9-pixel moving window.

post-snowmelt period (Figures S31c and S32d in Supporting Information S1). The resultant energy surplus
creates a positive feedback loop that further elevates temperatures (Figure S33a in Supporting Information S1)
and VPD. As a result, an earlier may alter water and energy processes, contributing to increased VPD, ultimately
establishing favorable conditions for wildfire ignition and spread.

To respond to increased atmosphere dryness and plant water stress (Figures 8c and 8f) and to enable plants to
complete their life cycle within the current and the following growing seasons, plants induce leaf senescence and
abscission by redistributing nutrients to reproductive organs and eliminating water consumption in older, less-
productive leaves (Gan & Amasino, 1997; Munné-Bosch & Alegre, 2004; Ono et al., 2001). This ultimately
contributes to the decreased fuel moisture content and increased fuel availability for wildfires (Figure 9 and
Figures S31e and S32e in Supporting Information S1).

It should also be noted that, in addition to creating favorable burning conditions, an earlier snowmelt onset ex-
tends the period of surface exposure, thereby widening the temporal window for wildfire occurrence and
contributing to increased wildfire activity.

While this study focuses on climatic drivers, shifts in ignition patterns—both natural and human-caused—
induced by earlier snowmelt may also contribute to the observed increase in wildfires during the post-snowmelt
period. For natural ignitions, rising global warming has been linked to higher thunderstorm frequency and
lightning strikes (Chen et al., 2021; Goulden et al., 2017; Qie et al., 2022), elevating the likelihood of dry fuel
ignition. In addition, human-ignited wildfires account for a substantial proportion of total wildfires, particularly in
regions like North America (Abatzoglou, Balch, et al., 2018; Abatzoglou, Dobrowski, et al., 2018; Balch
et al., 2017; Emily et al., 2018). Earlier snowmelt facilitates earlier human access to land for outdoor recreation
and agricultural activities (O'Toole et al., 2019; Prbstl-Haider et al., 2021; Kutlu et al., 2025), thereby increasing
probabilities for accidental or intentional wildfire starts. However, due to limited data on the long-term spatial and
temporal observations of natural and human ignitions, the influence of earlier snowmelt on post-snowmelt
wildfire dynamics through altered ignition regimes remains poorly quantified in this study. Future research
should focus on generating long-term explicit data on ignition patterns using multiple data sources and advanced
methodology, and quantifying the role of ignition pattern shifts driven by earlier snowmelt in shaping wildfire
dynamics.

It should be noted that, while the year-to-year variation metric employed in this study effectively isolates
interannual signals and captures short-term variability, it may not fully account for the cumulative effects of
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sustained multi-year snowmelt trends on post-snowmelt burning conditions (e.g., fire weather, vegetation dry-
ness, and fuel availability). In addition, the average/cumulative values of burning conditions over the post-
snowmelt period were considered in this study, which may mask the influence of intra-seasonal extremes in
burning conditions. For instance, heavy rainfall events during this period could temporarily moisten fuels and
reduce wildfire risk, thereby weakening the linkage between the snowmelt onset and subsequent wildfire activity.
Future research should focus on assessing these long-term, snowmelt-driven influences on wildfire dynamics
through their regulation of burning conditions, and carefully considering extreme climate events.

3.5. Implications of the Effect of Earlier Snowmelt Onset on Post-Snowmelt Wildfires

We highlighted the widespread advance of snowmelt has potentially escalated wildfire dynamics in the northern
mid-to-high latitudes (>40°N), primarily through the elevated VPD induced by earlier snowmelt. The mecha-
nisms revealed in this study have significant implications for assessing wildfire risks and modeling wildfires in
regions vulnerable to ongoing and future climate change.

Firstly, our study offers a deeper insight into wildfire risks under climate change. With the progressing climate
change, temperatures are expected to rise more rapidly in northern latitudes (>40°N) than elsewhere due to the
amplifying effects of positive feedbacks (Rantanen et al., 2022). This warming will result in an even earlier
snowmelt onset and broader areas without snow cover (Klein et al., 2016; Xiao, 2021). As underscored in this
study, an earlier snowmelt onset leads to a widespread increase in wildfire disturbances during the post-snowmelt
period. Additionally, the loss of the snowpack exposes the land surface and heightens the risk of wildfire
disturbance (Kampfa et al., 2022). Therefore, our findings are valuable for estimating wildfire risks under climate
change.

Secondly, our results are beneficial for enhancing regional wildfire simulations. Dynamic global vegetation
models (DGVMs) can simulate wildfires by incorporating key processes and variables related to wildfire dy-
namics within the context of global vegetation and climatic interactions. Factors such as fuel availability, ignition
sources, weather conditions, and landscape features are considered to simulate the ignition, spread, and extinction
of wildfires (Hantson et al., 2016). However, the influence of snowmelt onset on wildfires has not been previously
considered due to a limited understanding of its specific effects. In this study, we demonstrated that an earlier
snowmelt onset facilitates wildfire occurrences by promoting favorable fire weather and combustion conditions.
This understanding paves the way for introducing new and refined dynamics and parameterizations into models,
thereby enhancing the accuracy of wildfire simulations, and improving projections of carbon-climate feedbacks.

4. Conclusions

In this study, we found that interannual variability in snowmelt onset has far-reaching implications for influencing
post-snowmelt wildfires. This influencing role was predominantly through the variations in snowmelt onset-
induced VPD, which was the strongest statistical predictor influencing wildfire dynamics in about 47% of the
northern latitudes (>40°N). The influencing role through VPD contributed about 57% of the total influencing role,
which doubled that contributed by CWD or BUI. Our mechanistic analysis revealed that this was primarily due to
the advances of snowmelt-induced earlier spring vegetation green-up and premature moisture consumption,
which heightened plant water deficits. This heightened deficit also resulted in limited evaporative cooling and
increased sensible heat fluxes, which further raised the local air temperature, thereby increasing VPD and
providing favorable conditions for wildfire. Our results provide new insights into the impact of climate change on
fire dynamics and can support data-driven and process-based models to consider the effects of earlier snowmelt,
thereby improving fire simulations. Lastly, with the progression of global warming, snow is expected to melt
earlier than ever before, which will further lead to favorable fire weather and burning conditions, thereby
increasing the risk of wildfire occurrence.
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