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There is a large body of work examining the effect of rising 
temperatures on snow in the western United States (hereaf-
ter the west). Long-term measurements of mountain stream-

flow1,2 and 1 April snow water equivalent3,4 (hereafter referred to as 
snowpack) suggest that over time the mass of snow in the moun-
tains of the west is in decline. In the west, the freshwater supply is 
dependent upon meltwater from mountain snow and storage of that 
water in reservoirs5. Model simulations show that with precipita-
tion held constant, springtime melting of mountain snowpack will 
occur progressively earlier in the water year as air temperatures 
increase6–8, with potentially adverse effects on the freshwater sup-
ply of the west, primarily due to early season flooding, exceedance 
of reservoir capacity and a lack of runoff late in the season9,10. In 
addition, early season snowmelt can lengthen the duration of the 
dry season in some parts of the west, with implications for wildfire 
risk11,12. However, in the recent observational record there are not 
widespread and statistically significant downward trends in snow-
melt timing across the West13,14, although this may be expected given 
that such trends are strongly influenced by year-to-year changes in 
precipitation15,16.

Given observed past and potential future changes in moun-
tain snowpack, quantifying and understanding the influence of 
increasing temperatures is of interest. Here we focus on changes 
in the water-year date when snow completely melts, as this date 
is a natural metric for signifying the end of the winter season. To 
do so, we utilize 37 years (1982–2018 water years) of daily snow 
water equivalent, S, measurements from 398 sites managed by the 
Natural Resources Conservation Service Snowpack Telemetry 
(SNOTEL) network14,17 (description in Methods). We define the 
snowpack disappearance date, ζ, for each station as the water-year 
day when S = 0 following the seasonal peak in S (Fig.  1), where 
the water year begins on 1 October and is defined as the year of 
the following spring season. We estimate daily mean surface air 
temperature, T, and precipitation, P, over these same years for 
each of these stations via interpolation of temperature and pre-
cipitation fields from the North American Regional Reanalysis18 
(NARR; Methods). All SNOTEL locations used in this study are  
shown in Fig. 2.

Both precipitation and temperature influence ζ8. For example, 
Fig. 1 shows daily time series of S measured by a SNOTEL station 
in the Sierra Nevada mountain range for the 2014 and 2017 water 
years. During 2014 S peaks at 21 cm, while in 2017 S is larger by 
nearly a factor of five (103 cm). Consistent with this, the snowpack 
melt date ζ is more than 30 days later in the season in 2017: ζ = 226 
in 2014 and ζ = 260 in 2017. The change in S and ζ between these 
two years was driven by both precipitation and temperature; the 
annual mean precipitation in 2017 was three-fold greater and the 
annual mean temperature was 1 °C cooler than in 2014. As such, we 
estimate the sensitivity of the snowpack disappearance date to tem-
perature using a multilinear regression of ζ onto water-year mean 
temperature T0 and precipitation P0, that is:

dζ ¼ ∂ζ

∂T0
δT0 þ

∂ζ

∂P0
δP0;

with ∂ζ/∂T0 the resulting sensitivity of snowpack disappearance date 
to temperature for constant precipitation (Methods).

A map of ∂ζ/∂T0 calculated from SNOTEL measurements of S and 
NARR T and P shows spatial heterogeneity in the sensitivity of the date 
when snowpack disappears to temperature (Fig. 2a). Some of the larg-
est magnitude values are found in the Pacific Northwest (125–120° W 
and 43–48° N) and the southwest (south of 35° N), where ∂ζ/∂T0 can 
be lower than −30 days °C−1. In contrast, in the interior of the conti-
nent ∂ζ/∂T0 is far smaller in magnitude, with values in the Southern 
Rocky Mountains near −5 days °C−1, and close to zero in the moun-
tain ranges of northern Utah. The results in Fig. 2a are consistent with 
those from a previous analysis of SNOTEL data, which had implied 
a sensitivity of snowpack duration, the amount of time the surface is 
covered with snow during a water year, to mean temperature8. These 
results are also similar to previous work finding that downward trends 
in 1 April S are largest in the warmest regions of the West19.

To investigate the source of the heterogeneity in the spatial struc-
ture of ∂ζ/∂T0, we develop a highly idealized model of snowpack 
accumulation and ablation that is a function of daily mean sur-
face air temperature, T (Methods), which we approximate to vary  
sinusoidally over the course of the year as
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T ¼ T0 � T1 sinðωt � ϕÞ ð1Þ

where T1 is the amplitude of the annual cycle, t is time, ϕ is a phase 
shift in time and ω is 2π/365 days−1 (Supplementary Fig. 1a). We 
treat precipitation as a constant from the beginning of the water 
year t = 0 until a specified later time t = tp, after which there is zero 
precipitation (Supplementary Fig. 1c).

Next, snowpack may melt when the skin temperature is 0 °C but 
the corresponding temperature of the overlying air may be greater 
than or less than this value. To account for differences between 
the skin and air temperature at the melting point, in our model 
snowpack melts at the constant rate Rm when T > Tm, where Tm is 
the surface air temperature at which snowmelt occurs, which may 
be greater than, less than or equal to 0 °C. For simplicity, snow-
pack accumulates at the constant rate Ra when T < Tm, which is a 
limitation of our approach as the air temperatures corresponding 
to melting and accumulation at the surface are not constrained to 
be identical in the real world. Both Ra and Rm (given in cm day−1) 
are positive and do not depend on the magnitude of the departures 
of T from Tm (Supplementary Fig.  1c). We analytically solve this 
model for ζ and then take the partial derivative with respect to T0 
(Methods) to obtain

∂ζ

∂T0
¼ � 1

ω

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
1 � T0 � Tmð Þ2

q 1þ Ra

Rm

 
: ð2Þ

From equation (2), the sensitivity ∂ζ/∂T0 is always negative since 
warming leads to earlier melt. The magnitude of ∂ζ/∂T0 is large 
when the difference between T1 and ∣T0 − Tm∣ is small, in which case 
the temperature either spends most of the year above the melting 
point or most of the year below the melting point. Equation (2) is 
undefined if T1 < ∣T0 − Tm∣ since this would imply that the annual 
cycle does not include temperatures both below and above the  
melting point.

The mechanism behind the dependence of ∂ζ/∂T0 on T0, Tm and 
T1 in equation (2) is related to the shape of the seasonal cycle in T. 
Assuming for simplicity of explanation that Tm = 0 °C, in regions 
where T0 > 0 and T1 is only slightly larger than ∣T0∣, T crosses zero 
near the flat trough of the sinusoid, with temperatures below zero 
occurring only during a brief part of the year. In this case, when T 
warms there is a large reduction in the number of days when T < 0, 
leading to a substantially earlier time of complete snowmelt. A simi-
lar argument applies in regions where T0 < 0 and T1 is only slightly 
larger than ∣T0∣, in which case T rises above the melting point near 
the flat crest of the sinusoid and a small warming also leads to a 
large reduction in the duration with T < 0. Hence the magnitude 
of ∂ζ/∂T0 is larger where T1 is more similar to ∣T0∣, that is, where 
the annual minimum or maximum temperature is near the melting 
point. A schematic of the influence of T0 and T1 on ∂ζ/∂T0 can be 
found in Extended Data Fig. 1.

We estimate Ra and Rm from SNOTEL measurements of S, where 
Ra is the annual maximum value of S divided by the length of time t 
that S is increasing, and Rm is the annual maximum value of S divided 
by the length of time that S is decreasing (for example, Fig. 1). The 
ratio Ra/Rm is fairly constant in the data. For example, the value of 
this ratio differs by less than 25% between the vastly different 2014 
and 2017 water years at the Virginia Lakes SNOTEL station (Fig. 1). 
The average of the SNOTEL stations’ long-term mean values of this 
ratio is 0.34 ± 0.14. We estimate Tm for each SNOTEL site as the 
coolest daily mean temperatures for which the one-day change in S 
is negative, using the long-term mean (1982–2018) seasonal cycles 
of T and S. The SNOTEL-station-averaged Tm is 0.18 ± 2.02 °C.

A map of the values of ∂ζ/∂T0 predicted by equation (2) is  
shown in Fig.  2b, based on the long-term mean values of T1, T0 
and Ra/Rm at each SNOTEL station and the station-averaged value 
of Tm. The idealized model reproduces the spatial structure of the  
observations (Fig. 2a), with the largest magnitude values in coastal 
and southern regions and the smallest magnitudes towards the 
interior. The correlation between equation (2) and observations  
is positive and statistically significant (r value = 0.77, P value < 0.01), 
and the bias and root mean squared error (RMSE) are −0.3 and 
3.9 days °C−1, respectively, relative to a mean value of dζ/dT0 of 
−10.5 days °C−1.

According to equation (2), and again assuming for simplicity 
of explanation that Tm = 0 °C, in the west the largest magnitudes of 
∂ζ/∂T0 occur in locations where the difference between T1 and T0 
is small (Fig. 2). Thus, the largest magnitudes of ∂ζ/∂T0 are found 
in the Pacific Northwest and California, where annual mean T is 
large but the annual cycle of T is small, and thus ∣T1 − T0∣ is also 
small (approximately <5 °C). Conversely, the smallest magnitude 
values of ∂ζ/∂T0 are found far from the coast, where annual mean T 
is closer to zero but the magnitude of the annual cycle of T is large, 
such that ∣T1 − T0∣ is larger (between approximately 5 and 11 °C). 
The high-magnitude values of ∂ζ/∂T0 found south of 35° N result 
from both a large annual mean T and a large seasonal cycle ampli-
tude of T.

A direct comparison of ∂ζ/∂T0 calculated from the SNOTEL 
and NARR data and from equation (2) shows some disagreement 
in the two estimates, particularly at large magnitudes (Fig.  3a). 
Some of this scatter is probably due to uncertainty in the multilin-
ear regression; the vertical error bars represent the 95% uncertainty 
level in the regression used to calculate ∂ζ/∂T0, 89% of which spans 
the equivalency line between the two estimates (black dashed). 
The slope of a linear least-squares regression line for these data is 
1.0 ± 0.1, suggesting that the disagreement is not dependent on the 
magnitude of ∂ζ/∂T0.

Continuous daily measurements of T and P are available for 363 
of the SNOTEL stations used here for the 2001–2018 water years, 
and so we repeated the above analysis using only measurements. 
For each station, we estimated the long-term mean T0, T1, ϕ and 
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Fig. 1 | Examples of observed snowpack for two water years. Plotted 
are measurements of S from the Virginia Lakes Ridge SNOTEL station in 
California for the 2014 (red solid line) and 2017 (blue solid line) water 
years. The value of ζ, which is defined as the first water-year day when 
S = 0 following the seasonal peak in S, is indicated for each year. The lines 
indicating the seasonal-average rate of accumulation, Ra (dashed line), and 
melt, Rm (dash-dotted line), are also plotted for each year.
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Tm from daily measurements of T and then used these values to 
determine ∂ζ/∂T0 from multilinear regression and equation (2). 
The results are similar to those shown in Fig. 3a; the correlation in 
∂ζ/∂T0 calculated from observations and via equation (2) is positive 
and statistically significant (r value = 0.64, P value < 0.01), and the 
bias and RMSE in equation (2) are 1.1 and 5.8 days °C−1, respectively 
(Supplementary Fig. 2a).

In the real world, mountain snowpack is shaped by a large num-
ber of complex surface processes20,21 that are overly simplified or not 
accounted for in the idealized model. Thus, to better understand 
the utility and limitations of the idealized model, we carried out 
a set of simulations with the Variable Infiltration Capacity (VIC) 
hydrologic model22,23, a land-surface model that simulates a com-
prehensive array of physical processes governing snowpack state. 
We forced the VIC model with long-term mean NARR output inter-
polated to the SNOTEL stations, but altered the annual cycle of daily 
mean temperature to follow equation (1) (VIC simulation details 
in Methods), where T0 and T1 were taken from observations. For 
each station, we conducted a set of simulations so that T0 spanned 
±0.5 °C. We then calculated ∂ζ/∂T0 directly from the VIC output 
and via equation (2), where Ra, Rm and Tm were calculated from the 
VIC output.

The agreement between the two estimates of ∂ζ/∂T0 for the VIC 
model is nearly exact (Fig. 3b); the two are correlated with an r value 
of 0.97 (P value < 0.01). Thus, the idealized model (equation (2)) 
can effectively explain all of the variance in ∂ζ/∂T0 in a model that 
represents the complex physical processes governing the annual 
cycle of snowpack. We note that the range of ∂ζ/∂T0 from the VIC 
output does not match that from SNOTEL (Fig. 3a); because Tm and 
Ra/Rm from the VIC model are larger and smaller, respectively, than 
those values calculated from SNOTEL/NARR measurements, the 
VIC-averaged Tm is 1.03 ± 0.45 and Ra/Rm is 0.28 ± 0.05.

To explore the disagreement in estimates of ∂ζ/∂T0 from equa-
tion (2) (Fig. 3a) we conducted additional VIC simulations using 
the actual NARR T, rather than forcing T to exactly follow a sinu-
soid (Methods). In this case, ∂ζ/∂T0 calculated from equation (2) 
underestimates that calculated directly from the VIC model output 
via linear regression (Supplementary Fig. 3). An analysis of the dif-
ferences between reanalysis T and T from equation (1) suggests that 
this is because T increases more rapidly from the wintertime mini-
mum than does a perfect sinusoid. Thus, the idealized model begins 
to break down as T deviates from a sinusoid, tending to underesti-
mate the true magnitude of ∂ζ/∂T0.

Based on the analysis of SNOTEL measurements of S and 
NARR T and P (Figs.  2 and 3a), SNOTEL measured S, T and P 
(Supplementary Fig. 2), and output from the VIC model (Fig. 3b), 
the idealized model provides a robust and straightforward method 
to understand how increasing temperatures affect the date of snow-
pack disappearance, ζ. Therefore, we next extend the idealized model 
to examine changes in ζ outside the west. According to equation 
(2), ∂ζ/∂T0 is symmetric about T0 − Tm = 0 (Supplementary Fig. 4). 
The symmetry suggests that large magnitudes of ∂ζ/∂T0 should also 
occur in cold regions (that is, T0 < Tm) where the amplitude of the 
annual cycle of T is relatively small, such that T1 + (T0 − Tm) is close 
to zero (schematic in Extended Data Fig. 1). We attempted to test for 
this symmetry via analysis of continuous measurements of T and P 
made at 14 SNOTEL stations in Alaska during the 2008–2018 water 
years. For these 14 stations, the correlation in ∂ζ/∂T0 calculated 
from equation (2) and linear regression was positive and statistically 
significant (r value = 0.76, P value < 0.01; Supplementary Fig. 2b). 
However, although T0 for these stations was near 0 °C, T1 was large, 
ranging from 9 °C to 19 °C. Nonetheless, these results suggest that 
the idealized model has validity at high latitudes.

We apply the idealized model globally by calculating ∂ζ/∂T0 via 
equation (2) using long-term (1982–2018) mean seasonal cycles of 
T0 and T1 estimated from a global reanalysis24, and assuming Ra/Rm 
and Tm to be the mean values calculated over the west, 0.34 and 
0.18 °C, respectively. Based on the calculations with equation (2), 
within the Northern Hemisphere the magnitude of ∂ζ/∂T0 is larg-
est along the coasts (including in polar regions), throughout the 
west, across North America near 40° N latitude and within Central 
Europe (Fig.  4a). Within the interior of northern North America 
and Eurasia, however, ∂ζ/∂T0 has smaller magnitudes, between −6 
and −3 days °C−1.

Adopting here again for simplicity of discussion that Tm = 0 °C, 
from an analysis of these global estimates of ∂ζ/∂T0 (Fig. 4a), large 
magnitude values of ∂ζ/∂T0 are found in locations where T1 is small 
and ∣T0∣ is large (that is, high- and low-latitude coastal regions) or 
where T0 and T1 are both large (that is, inland and at lower lati-
tudes), which can be seen in a parameter-space diagram of these 
global values of ∂ζ/∂T0 (Supplementary Fig.  5). For example, the 
magnitude of ∂ζ/∂T0 is large along the Greenland coast and pole-
ward of 75° N, where T0 is negative and the same order of magnitude 
as T1 (schematic in Extended Data Fig. 1). Large magnitude values 
are also seen in many coastal regions at lower latitudes, such as the 
western coasts of North America and Europe, where T1 is small and 
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Fig. 2 | maps of the sensitivity of the timing of snowpack date of disappearance to temperature. a, The observed change in the day of complete 
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T0 is positive, similar to the case of the Pacific Northwest in Fig. 2a. 
At lower latitudes, the magnitude of ∂ζ/∂T0 is large near the south-
ern boundary of where ∂ζ/∂T0 is defined (south of 45° N in North 
America and Asia, and in Central Europe), where T1 is large but T0 is 
also large and positive. Values of ∂ζ/∂T0 within continental interiors 
are closer to 0 days °C−1 because in these regions T0 is close to 0 °C 
and T1 is large. This explains why, when averaged over longitude, in 
the Northern Hemisphere the magnitude of ∂ζ/∂T0 is largest south 
of 30° N, where T0 > 0 °C, and poleward of 75° N, where T0 < 0 °C 

(Fig.  4b). In the Southern Hemisphere, ∂ζ/∂T0 is undefined over 
most landmasses as T > 0 °C the entire year (for example, south-
ern Africa and Australia) or T < 0 °C the entire year (for example, 
Antarctica). Although, in southern South America, the magnitude 
of ∂ζ/∂T0 is less than −30 days °C−1 throughout much of the interior 
of the continent (Fig. 4c).

The maps in Fig. 4 are only valid to the extent that the physi-
cal world is similar to that assumed by the idealized model. To 
test this, we again ran the VIC model poleward of 60° N, but this 

0
a b

–10

0

–10

–20

–30

–40
–40 –30 –20–20 –10 0

–20

–30

–40
–40 –30

VICSNOTEL/NARR

–10 0

�ζ/�T0 from equation (2) (days °C–1)

�ζ
/�
T

0 
(d

ay
s 

°C
–1

)

�ζ
/�
T

0 
(d

ay
s 

°C
–1

)

�ζ/�T0 from equation (2) (days °C–1)

Fig. 3 | Comparisons of ∂ζ/∂T0 calculated from SNOtEl observations and reanalysis and from the VIC model. a,b, Plotted on the vertical axis are values 
of ∂ζ/∂T0 calculated for individual SNOTEL stations from observations and reanalysis (a) and the output of the VIC model (b) via linear regression, and 
on the horizontal axis ∂ζ/∂T0 calculated from the idealized model (equation (2)). The vertical error bars represent the 95% uncertainty in the regression 
coefficient used to determine ∂ζ/∂T0. The black dashed lines represent equivalence between the two calculated values of ∂ζ/∂T0.

a

b c90 20 –10

–15

–20

–25

–30

–35

–40

30

40

50

60
80 75 70 65 60

75

60

45

30

–50 –40 –30 –20 –10 0

180° W 150° W 120° W 90° W 60° W 30° W
Longitude

Longitude (° W)

La
tit

ud
e 

(°
 N

)
La

tit
ud

e 
(°

 N
)

La
tit

ud
e 

(°
 S

)

0° 30° E 60° E 90° E 120° E 150° E

–3

–6

–9

–12

–15

–18

–21
180° E

�ζ/�T0 (days °C–1)

�ζ/�T
0  (days °C

–1)
�ζ/�T

0  (days °C
–1)

75

60

45

30

Fig. 4 | global estimates of ∂ζ/∂T0. a, ∂ζ/∂T0 calculated via equation (2), where T0 and T1 are estimated from a global reanalysis24 with Ra/Rm = 0.34 
and Tm = 0.18. White shading represents regions where ∂ζ/∂T0 is undefined (over water, or where T1 < ∣T0 − Tm∣). b, The same values of ∂ζ/∂T0 as in a, 
but averaged over all longitudes and plotted as a function of latitude in the northern hemisphere (vertical axis). c, Values of ∂ζ/∂T0 over southern South 
America. Note that to increase the contrast in these plots, the colour bars in a and c are not identical, and these scales are both different from that in Fig. 2.

NAturE ClImAtE ChANgE | www.nature.com/natureclimatechange

http://www.nature.com/natureclimatechange


ArticlesNature Climate ChaNge

time forced with the global reanalysis (Methods). We then calcu-
lated ∂ζ/∂T0 directly from the model output and via equation (2). 
We found a positive correlation between ∂ζ/∂T0 calculated from 
the VIC model via linear regression and ∂ζ/∂T0 calculated from 
the idealized model via equation (2) (r value = 0.62, P value < 0.01; 
Supplementary Fig. 6), suggesting that the idealized model may be 
capturing the true spatial pattern of ∂ζ/∂T0. However, the idealized 
model also underestimates the magnitude of ∂ζ/∂T0 at large magni-
tudes of ∂ζ/∂T0, and thus the actual values of ∂ζ/∂T0 may be more 
negative than those shown in Fig. 4. The similarity in the structure 
of the biases in Supplementary Figs. 3 and 6 suggests that the source 
of the bias may be departures of reanalysis T from a sinusoid. We 
explored validation of the results in Fig. 4 using satellite-based esti-
mates of snow cover. However, we found that the available data were 
too coarsely resolved in time (for example, weekly resolution) or too 
short in duration (for example, only 15 years in length), such that 
the estimates of ∂ζ/∂T0 were unlikely to be significantly different 
from zero.

A substantial fraction of the global population relies on river 
water from snowpack melt for potable water, and shifts in the tim-
ing of that melt affect the availability of this crucial resource10. 
Changes in ζ result from changes in the timing of the onset of snow 
ablation14,25. As such, these results suggest that water resources may 
be most stressed in regions that rely heavily on snowpack from 
coastal and low-latitude mountains, including Western and Central 
Europe. Lastly, the Arctic is projected to warm more rapidly than 
anywhere else on the planet26,27. The idealized model presented 
here suggests that the Arctic is also the region with the greatest 
sensitivity of the springtime snowpack to warming (Fig. 4b). Taken 
together, these results suggest that the Arctic may undergo a dra-
matically rapid shift in the date when snowpack completely melts 
under future warming.
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methods
Data. The SNOTEL station data used in this study are described in ref. 14. We 
considered a station to have continuous measurements of S, T and P if, for a 
given water year, these data were missing for fewer than 30 days. We interpolated 
the gridded NARR output for 2 m air temperature, which has a nominal 32 km 
horizontal resolution, to the locations of the SNOTEL stations used in this analysis 
(Fig. 2a) via an inverse-distance-weighting method. On average, the weighted 
elevation of the interpolated NARR data is 250 ± 277 m lower than the elevation of 
the corresponding SNOTEL station, resulting in a net warm bias in T0. To account 
for this difference in height, we obtained a correction factor for each station on 
the basis of the differences in averaged (2001–2018) T0 from the interpolated 
reanalysis and from the SNOTEL measurements. There was also a positive  
bias in T1 in the interpolated NARR data, and we corrected these values in an 
identical manner.

When calculating ∂ζ/∂T0 from the multilinear regression we use water-year 
mean precipitation P0. We note that nearly identical results are obtained when 
defining P0 as precipitation only during the boreal winter and spring seasons  
or as winter season only. To create global estimates of ∂ζ/∂T0 via equation (2),  
we calculated T0 and T1 from the long-term (1982–2018) monthly mean 
temperatures output from a global reanalysis24, at a horizontal resolution of 0.5° 
(Supplementary Fig. 5).

Idealized model. Daily mean temperature T is given by equation (1) and averaged 
over all SNOTEL stations and the 1982–2018 water years. The RMSE of this 
sinusoidal approximation to the long-term mean T from reanalysis is 1.4 ± 0.2 °C. 
Daily measurements of T are available for 268 of these SNOTEL stations during 
the 1995–2018 water years. We also fit these annual cycles of measured T to 
equation (1), and here the RMSE of the long-term mean and measured T is also 
1.4 °C (Supplementary Fig. 1a,b). Thus, equation (1) is a reasonable approximation 
to the annual cycle of T from reanalysis and in-situ measurements in such 
environments.

The representation of T in equation (1) implies that the time, td, that T crosses 
below the temperature when snow accumulates or melts, Tm, is

td ¼ 1
ω

sin�1 T0 � Tm

T1

� �
þ ϕ

ω
;

and the time tu that T crosses back above Tm is

tu ¼ π

ω
� 1
ω

sin�1 T0 � Tm

T1

� �
þ ϕ

ω
:

Based on the daily mean precipitation and snowpack accumulation and melt, 
which are described in the main text, the total snowpack accumulation, At, during 
the water year is equal to the accumulation rate times the duration when there is 
precipitation and T < Tm,

At ¼ Ra tp � td
� �

¼ Ra tp �
1
ω

sin�1 T0 � Tm

T1

� �
� ϕ

ω

� �
:

where we have assumed for simplicity in the model that tp < tu.
Similarly, the total snowmelt during the water year, Mt, is equal to the melt rate 

times the duration when there is snowpack and T > Tm,

Mt ¼ Rm ζ � tuð Þ ¼ Rm ζ � π

ω
þ 1
ω

sin�1 T0 � Tm

T1

� �
� ϕ

ω

� �
:

Since the total snow accumulation must equal the total snowmelt, At = Mt. 
Solving this for ζ gives

ζ ¼ π þ ϕ

ω
þ Ra

Rm
tp �

ϕ

ω

� �� �
� 1
ω

sin�1 T0 � Tm

T1

� �
1þ Ra

Rm

� �
:

We obtain equation (2) by differentiating this expression for ζ with respect to 
T0, using the identity d=dx sin�1xð Þ ¼ 1� x2ð Þ�1=2

I
.

To illustrate the application of this idealized model, we estimated T via 
equation (1) (Supplementary Fig. 1a) from daily measurements of T for the 2017 
water year at Virginia Lakes SNOTEL station (Supplementary Fig. 1b), where 
T0 = 4.9 °C, T1 = 9.1 °C and ϕ = 25.8 days. We assumed that precipitation is constant 
from the beginning of the water year until tp, which we estimated to be water-year 
day 190 (Supplementary Fig. 1c), based loosely on the site measurements of daily 
mean P (Supplementary Fig. 1d). In the idealized model, snowpack accumulation 
occurs at the constant rate Ra if t < tp and T < Tm and melting occurs at the constant 
rate Rm if T > Tm (Supplementary Fig. 1e). These are compared with the measured 
values of each (Supplementary Fig. 1f); Ra and Rm for this case are described in the 
main text, and Tm is estimated to be 3 °C on the basis of a comparison of measured 
T and S for this site and water year. The resultant annual cycle of S is then A − M 
(Supplementary Fig. 1g), which is qualitatively similar to the measured value 
(Supplementary Fig. 1h). We calculate ζ = 260.4 and ∂ζ/∂T0 = −9.1 days °C−1. To 

facilitate comparison with observations, in Supplementary Fig. 1g S is smoothed 
with an 11-day-running-mean filter, as is done for the SNOTEL observations 
(Supplementary Fig. 1h), where ζ = 265 in both figures.

We note that in our idealized model, Rm is not a function of temperature. 
Although previous work has shown that Rm decreases under warming14,28, an 
analysis of SNOTEL data shows that Ra also decreases with rising temperature (not 
shown), and consequently the ratio Ra/Rm for each site is somewhat constant with 
changes in temperature. Averaged over all SNOTEL sites, the derivative of Ra/Rm 
with respect to annual mean T, which was determined via linear regression, is not 
statistically different from zero (0.04 ± 0.12 °C−1).

VIC model. We forced the VIC model with three-hour temporal resolution 
output from NARR interpolated to the SNOTEL station locations via 
inverse-distance weighting. The forcings were interpolated in time to be hourly. 
The forcing variables include 2 m air temperature, 2 m dewpoint temperature, 
precipitation rate, 10 m surface wind speeds, surface pressure and surface 
fluxes of downward longwave and shortwave radiation. We averaged this 
station-interpolated data over the 1982–2018 water years and then over all 
stations to create an input dataset of the annual cycle in each variable that is 
representative of the average conditions at each of the 398 SNOTEL sites. This 
averaging results in less snow accumulation than the average SNOTEL value, 
which is expected since the grid-averaged NARR precipitation values are lower 
than those from SNOTEL measurements by approximately a factor of three. Thus, 
we scaled the NARR precipitation data by a constant factor of 1.6 such that the 
annual cycle of S produced by the VIC model in this parameter regime matched 
the SNOTEL observations averaged over all water years and SNOTEL stations. We 
assumed 100% evergreen needleleaf forest cover and used three layers in the soil 
model and a temporal resolution of one hour.

We then performed 398 sets of simulations, corresponding to the long-term 
mean values of T0 and T1 at each SNOTEL station. Here we forced the annual 
cycle of daily mean temperature, T, to exactly follow equation (1) but retained 
the sub-daily variability from NARR. We then incrementally decreased and then 
increased T0 by 1/8 °C to span a 1 °C change in T0. For each simulation, we adjusted 
the downwelling longwave radiation at the surface to be consistent with the 
forced changes in T and adjusted vapour pressure to maintain a constant relative 
humidity, following the methods of Musselman et al.29. The results from these 
simulations are shown in Fig. 3b.

In addition, we reran the model assuming (1) constant vapour pressure, (2) 
a slight adjustment to the treatment of the corresponding change in longwave 
radiation and (3) constant precipitation. For each case, the results were nearly 
identical to those presented Fig. 3b.

We performed a second set of simulations with the VIC model identical to 
that described above except that we did not force the annual cycle of T to follow 
equation (1) (Supplementary Fig. 3). We interpret the differences between Fig. 3 
and Supplementary Fig. 3 to be due to the influence of departures of T from a pure 
sinusoid.

We also performed a third set of simulations, this time forcing the model with 
hourly output from a global reanalysis for the year 2000 and poleward of 60° N24, 
where no adjustments to the reanalysis temperature were conducted. We again 
increased and decreased T in the forcing to span a 1 °C change in T0 and used the 
model output and equation (2) to calculate ∂ζ/∂T0 (Supplementary Fig. 6).

Data availability
SNOTEL data are available from the Natural Resources Conservation Service, 
https://www.wcc.nrcs.usda.gov/snow/. NARR output is available from the National 
Centers for Environmental Information, https://www.ncdc.noaa.gov/data-access/
model-data/model-datasets/north-american-regional-reanalysis-narr. The global 
reanalysis data used here are available from the Global Modeling and Assimilation 
Office, https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/.

Code availability
Code for the VIC model is available at: https://vic.readthedocs.io/en/master/. Code 
used to run the VIC model, analyse model output and observations and generate 
the plots can be found at https://github.com/amatoevan/snowpack_zeta/.
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Extended Data Fig. 1 | Schematic illustrating the effect of changes in T0 and T1 on ∂ζ/∂T0 for three scenarios. Shown are three schematics representing 
typical annual cycles of temperature (leftmost plots) for a warm coastal region (top), region in the interior of a continent where the annual mean 
temperature is close to 0 C (middle), and a cold coastal region (bottom). Blue and red hatching indicates periods where T < 0 or T > 0, respectively. The 
rightmost plots are the same annual cycles, but for a 1 C increase in annual mean temperature. At far right is the resultant value of ∂ζ/∂T0.
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Idealized Model SNOTEL Station

Supplementary Figure 1. Annual time series of temperature (a, b), precipitation (c, d), snowpack
accumulation and melt (e, f), and snowpack (g, h) from the idealized model (left column) and
SNOTEL observations (right column), corresponding to the Virginia Lakes Ridge SNOTEL
station in California for the 2017 water year (as in Fig. 1). The SNOTEL observations have all
been smoothed with an 11-day running mean filter. Red and blue shading in 1a and 1b represent
time periods when T > Tm and T < Tm, respectively.
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Supplementary Figure 2. As in Fig. 3a in the main text, except that the values of ∂ζ/∂T0 are
estimated from measurements of S, T , and P made at 363 SNOTEL stations located in the
Western US (i.e., south of 50◦N) during the 2001–2018 water years (2a), and 14 SNOTEL
stations located in Alaska during the 2008–2018 water years (2b).
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Supplementary Figure 3. As in Fig. 3b except that the daily mean temperature T used to force
the VIC model is directly from NARR and thus does not follow a perfect sinusoid (i.e., Eq. 1).
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Supplementary Figure 4. Parameter space diagram of ∂ζ/∂T0 for SNOTEL sites. Plotted
are contours of constant ∂ζ/∂T0 as a function of T1 and T0 − Tm, calculated via Eq. 2 for
Ra/Rm = 0.34 and Tm = 0.18 C. Plotted over these contours (filled circles) are values of
∂ζ/∂T0 calculated from the linear regression of SNOTEL measured S and NARR T0 and P0.
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Supplementary Figure 5. Parameter space diagram of global values of ∂ζ/∂T0 (Fig. 4) calcu-
lated via Eq. 2 in the main text. Values of T0 and T1 are from global reanalysis and calculated
over the 1982–2018 water years (see main text). The parameters Ra/Rm and Tm are based on
the long-term means of these values, averaged over SNOTEL sites in the Western US (Fig. 2).
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Supplementary Figure 6. Comparisons of ∂ζ/∂T0 calculated from VIC model output. Descrip-
tion for 6a is the same as that for Fig. 3b, except that the model is forced with output from
a global reanalysis (see Materials and Methods) poleward of 60◦N. Description of 6b is the
same as that for Supplementary Figure 4, except that the contours are based on mean values
of Ra/Rm and Tm calculated from the VIC output, 0.12 and −1.4, respectively, and that the
plotted values of ∂ζ/∂T0 correspond to those calculated directly from the VIC model output
(identical to the vertical axis in 6a).
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