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Abstract

Snow droughts are a new way to understand changes in snowpack and subsequent runoff. Globally, we do not have a good

understanding of the drivers of snow droughts or how those drivers have changed historically. Here, we identify what has been

the dominant driver of global snow droughts in mountain ranges, how it shifted historically, and what similarities exist in

similar snow types. We explore this in all global mountain ranges, ones that are highly dependent on winter precipitation for

summer water, and two regional case studies in the Cascade Range and the Himalayan Mountains. We found that in both the

northern and southern hemispheres, dry snow droughts (driven by precipitation) are the most common. In both the northern

and southern hemisphere, more mountain ranges shifted to having temperature be the main driver of snow droughts in the

historical record. In the northern hemisphere, tundra, boreal, prairie, and ice snow type areas had the most area with dry

snow droughts. In the southern hemisphere, all snow types except for tundra had the most area with temperature as the main

driver of snow droughts. With this global, multivariate methodology, we were able to identify common drivers and patterns

of historical snow droughts that exist across similar geographical areas (i.e., northern and southern hemisphere and mountain

ranges) and snow type areas. More research is needed to better understand snow droughts, their drivers, and the risk they pose

regionally to food and water security.
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Key Points 6 

 In both the northern and southern hemisphere, there was a historical shift from dry snow 7 

droughts to warm snow droughts 8 

 In vulnerable mountain ranges, there was a shift to more mountain ranges with warm 9 

snow droughts 10 

 Drivers of snow droughts varied by snow classification type 11 

Abstract 12 

Snow droughts are a new way to understand changes in snowpack and subsequent runoff. 13 

Globally, we do not have a good understanding of the drivers of snow droughts or how those 14 

drivers have changed historically. Here, we identify what has been the dominant driver of global 15 

snow droughts in mountain ranges, how it shifted historically, and what similarities exist in 16 

similar snow types. We explore this in all global mountain ranges, ones that are highly dependent 17 

on winter precipitation for summer water, and two regional case studies in the Cascade Range 18 

and the Himalayan Mountains. We found that in both the northern and southern hemispheres, dry 19 

snow droughts (driven by precipitation) are the most common. In both the northern and southern 20 

hemisphere, more mountain ranges shifted to having temperature be the main driver of snow 21 

droughts in the historical record. In the northern hemisphere, tundra, boreal, prairie, and ice snow 22 

type areas had the most area with dry snow droughts. In the southern hemisphere, all snow types 23 
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except for tundra had the most area with temperature as the main driver of snow droughts. With 24 

this global, multivariate methodology, we were able to identify common drivers and patterns of 25 

historical snow droughts that exist across similar geographical areas (i.e., northern and southern 26 

hemisphere and mountain ranges) and snow type areas. More research is needed to better 27 

understand snow droughts, their drivers, and the risk they pose regionally to food and water 28 

security. 29 

 30 

Plain Language Summary 31 

Climate change is affecting snow accumulation in the mountains because of warming 32 

temperatures and changes in precipitation patterns. We do not currently know if temperature or 33 

precipitation is the predominant cause of the snow droughts in mountain ranges. We also do not 34 

know if the drivers have been historically consistent. We wanted to better understand if there 35 

were any common trends or patterns of causes of snow droughts in similar geographic areas or in 36 

regions with a similar climate. We found that there were common causes of snow droughts in 37 

similar regions and climates and that those drivers shifted over the historical record. However, 38 

we found that although we can group them, the mountain ranges have unique patterns in snow 39 

drought drivers. We also found that mountain ranges that are highly dependent on winter 40 

precipitation for water tend to have snow droughts driven by temperature; there was also a shift 41 

toward more mountain ranges having snow droughts driven by temperature. We better 42 

understood the drivers of snow droughts because of our method including multiple variables and 43 

inclusion of snow classification data. More research needs to be done on impacts from snow 44 

droughts.   45 

 46 
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1. Introduction 47 

Droughts are naturally occurring phenomena yet have historically had a myriad of 48 

negative consequences for society. Droughts can cause food and water insecurity (Kang et al., 49 

2021; Sugg et al., 2020), alter the incidence of vector-borne illnesses (Zhou et al., 2004), cause 50 

losses in gross domestic product (Naumann et al., 2021), increase wildfire potential (Marlier et 51 

al., 2017), and have many other consequences for humans and the environment. Climate change 52 

will exacerbate and intensify droughts, making them more of a burden (Wanders et al., 2015).  53 

Droughts are generally understood as a lack of water in different components of the hydrologic 54 

cycle, including meteorological, agricultural, and hydrological droughts. Other types of droughts 55 

have also been suggested, including socioeconomic droughts and more recently, snow droughts 56 

(Harpold et al., 2017). While meteorological, hydrologic, and agricultural droughts are very 57 

active areas of research, studying snow through the lens of drought research is a recent 58 

development (Dierauer et al., 2019; Harpold et al., 2017). 59 

Snow droughts are an emerging area of research that can be used to understand spatio-60 

temporal changes to mountain snowpacks and for early prediction of hydrological drought in 61 

snow-dominated watersheds. Mountain snowpack is the accumulation of snow in high elevation 62 

or mountain areas, which act as water storage, and is typically measured using snow water 63 

equivalent (SWE). Snow droughts refer to the conditions that lead to a smaller than average 64 

snowpack. There are currently three proposed snow drought classifications: warm, dry, and 65 

combined warm and dry (Dierauer et al., 2019; Harpold et al., 2014). Warm snow droughts 66 

describe a lack of snowpack caused by less precipitation falling as snow while dry snow 67 

droughts describe a general lack of precipitation (snow and rain) (Harpold et al., 2014). The 68 

snowpack for a given year is often described using the April 1
st
 SWE amount, which is then used 69 
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to determine a basin’s water outlook and allocation during the spring and summer months (Bohr 70 

& Aguado, 2001). Characterizing a snowpack using the local and regional driving mechanisms 71 

can allow for a deeper understanding of the interannual and seasonal variability of SWE and 72 

impacts from climate change, such as on food and water resources.  73 

Snow drought intensity and duration have varied regionally. Since the 1980s, the duration 74 

and intensity of snow droughts in the western US, Eastern Russia, and Europe have increased but 75 

have decreased in the Hindu Kush and Centra Asia, extratropical Andes, and greater Himalayas 76 

and Patagonia (Huning & AghaKouchak, 2020). When broken up by ecoregion, the western US 77 

has shown different trends in snow drought types and associated risks. For example, warm snow 78 

droughts pose the least risk because they have been the least severe and frequent in the Pacific 79 

and Nass Ranges and Cascade Ranges, while combined warm and dry snow droughts are the 80 

greatest risk because they were the most frequent and severe in most ecoregions in the western 81 

US, particularly in the southwest US ecoregions (Dierauer et al., 2019). Changes in the polar 82 

vortex and Arctic amplification are hypothesized to have contributed to snow droughts on 83 

decadal scales because it affects prevailing precipitation and temperature patterns (Huning & 84 

AghaKouchak, 2020). Spatial variation in the occurrence and type of snow droughts is due to 85 

elevation, latitude, and coastal proximity (i.e., leeward sides of mountains have a higher risk of 86 

experiencing dry snow droughts as opposed to wet snow droughts) (Dierauer et al., 2019). 87 

Specifically in the Sierra Nevada Mountains, snow droughts have been hypothesized to have 88 

been caused by shifts in the timing of precipitation being more toward earlier in the season, rain-89 

on-snow events driving snowmelt, and a lack of precipitation (Hatchett & McEvoy, 2017). 90 

Snow droughts are projected to increase in frequency and intensity in the future 91 

(Cowherd et al., 2023). In the northwestern U.S., the number of days with precipitation falling as 92 
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snow is projected to decrease by up to 50% by midcentury under a Representative Concentration 93 

Pathway (RCP) 8.5 climate (a.k.a. “business-as-usual”) (Catalano et al., 2019); the timing of 94 

peak SWE is also projected to change (i.e., not consistently April) (Marshall et al., 2019). 95 

Temperature is projected to be the major driver of snow droughts in western Canada and Alaska, 96 

with snow droughts being the most extreme in southern areas (Shrestha et al., 2021). Years with 97 

consecutive snow droughts in the western US, defined as two years that have a maximum SWE 98 

amount below the historic 25
th

 percentile, are also projected to increase in frequency 42% by 99 

2050-2079, compared to 1970-1999 (Marshall et al., 2019). 100 

Because the topic of snow droughts is a relatively new concept (Harpold et al., 2017), 101 

there are major knowledge gaps in our understanding of snow droughts, their drivers, impacts on 102 

regional water resources, and availability of water for agricultural needs. Further, many of the 103 

methods are unique and much of the work has been conducted in western North America. The 104 

results from these studies show the same general trends: there were snow droughts historically 105 

due to climate variability and there will likely be increases in frequency and intensity in the 106 

future due to climate change. However, using a univariate analysis with SWE reanalysis data, 107 

Huning & AghaKouchak (2020) showed snow droughts were decreasing in intensity and 108 

duration in certain regions of the world, demonstrating that there is unexplained variability and 109 

that further research is needed. Further research is needed to investigate the driving mechanisms 110 

behind snow droughts globally to better understand the regional differences and changes in 111 

occurrence.  112 

Herein, we apply a multivariate standardized snow drought index to better understand the 113 

short-term, monthly evolution of snow water equivalent (SWE). Our overarching question is: 114 
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to what extent are there common global drivers of snow droughts that exist across similar 115 

geographic or hydroclimatic regions and how have these drivers shifted over time? We define 116 

snow droughts using a multivariate approach to isolate the driving mechanisms for each of the 117 

global mountain systems, as well as to observe any shifts that may have occurred in those drivers 118 

and assess long-term changes in the historical record. Studies have suggested that changes in 119 

precipitation or temperature have caused smaller snowpacks. But herein, we show spatially and 120 

regionally where one mechanism is dominating, where there has been a shift in the historical 121 

record, and how different types of snow droughts changed over time. Further, using a monthly 122 

multivariate approach, including SWE, precipitation, and temperature, will give a better 123 

understanding of drought onset and duration compared to a univariate approach (AghaKouchak, 124 

2015). To our knowledge, there is not research identifying drivers in snow droughts in global 125 

mountain ranges and how those drivers have shifted historically.   126 

 127 

2. Data & Methods 128 

Herin, we combine multiple datasets with different temporal and spatial resolutions to establish a 129 

global domain consisting of areas that are snow covered and generate a multivariate snow 130 

drought index. We use monthly Moderate Resolution Imaging Spectroradiometer (MODIS) 131 

snow cover extent data to find a general snow cover area grid. We use SWE, precipitation, and 132 

temperature data from Modern-Era Retrospective Analysis for Research and Applications, 133 

Version 2 (MERRA-2) to further refine the monthly snow cover domain as well as generate the 134 

multivariate snow drought index. We resample everything to the MERRA-2 grid.  135 

 136 
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2.1 Data 137 

We conducted a global scale analysis of snow droughts from 1980 to 2021 in snow covered areas 138 

and included two case studies to further highlight characteristics of snow drought drivers. We 139 

used monthly data from MERRA-2 and MODIS. We used monthly data because we are focused 140 

on short term droughts, defined as 1-month droughts, in this analysis (as opposed to 3- and 6-141 

month long droughts).  142 

 143 

2.1.1 MERRA-2 144 

We downloaded MERRA-2 data from the Modeling and Assimilation Data and 145 

Information Services Center (MDISC). MERRA-2 is a global reanalysis dataset that assimilates 146 

a multitude of satellite products into the NASA Goddard Earth Observing System (GEOS) model 147 

(Gelaro et al., 2017). From MERRA-2, we used monthly Bias Corrected Total Precipitation, Air 148 

Temperature (Global Modeling and Assimilation Office (GMAO), 2015b), and Snow Water 149 

Equivalent (SWE) data (Global Modeling and Assimilation Office (GMAO), 2015c). See Table 150 

1 for the data specifications; these data go from 1980-01-01 to current. We also used the constant 151 

model parameters describing the fractional landcover and fractional land ice for each grid cell in 152 

the global domain (Global Modeling and Assimilation Office (GMAO), 2015c). We used these 153 

designations to mask out ocean and land ice pixels from all MERRA-2 maps. This precipitation 154 

dataset is considered to be the most effective at capturing land surface fluxes and the effect 155 

precipitation has on the surface air temperature dataset we used for this analysis (Reichle et al., 156 

2017).  157 

To capture the dependence of snow accumulation on previous months’ conditions, we 158 

progressively averaged the precipitation and temperature data. Beginning in October for the 159 
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northern hemisphere and April in the southern hemisphere, we would average the temperature 160 

and precipitation data for each of the progressive months of winter. For example, in the northern 161 

hemisphere, January precipitation and temperature data were the averages of October, 162 

November, December, and January; February was the average of October, November, 163 

December, January and February. We did this for all winter months. Additionally, for the yearly 164 

analysis, we averaged the precipitation, temperature, and SWE data for the whole water year, 165 

again beginning in October or April for the northern and southern hemispheres, respectively.  166 

 167 

Table 1. Datasets we used from MERRA-2. 168 

Variable (name) Dataset Shortname Spatial 

Resolution 

Temporal 

Resolution 

Bias Corrected Total 

Precipitation 

(PRECTOTCORR) 

tavgM_2d_flx_Nx: 

2d,Monthly mean,Time-

Averaged,Single-

Level,Assimilation,Surface 

Flux Diagnostics V5.12.4 

M2TMNXFLX 0.5° x 

0.625° 

1 Month 

Air Temperature (TLML) tavgM_2d_flx_Nx: 

2d,Monthly mean,Time-

Averaged,Single-

Level,Assimilation,Surface 

Flux Diagnostics V5.12.4 

M2TMNXFLX 0.5° x 

0.625° 

1 Month 

Snow Water Equivalent 

(Total_snow_storage_land) 

tavgM_2d_lnd_Nx: 

2d,Monthly mean,Time-

M2TMNXLND 0.5° x 

0.625° 

1 Month 
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Averaged,Single-

Level,Assimilation,Land 

Surface Diagnostics 

V5.12.4 

Fractional Land Cover MERRA-2 

const_2d_asm_Nx: 2d, 

constants V5.12.4 

M2C0NXASM 0.5° x 

0.625° 

Constant 

 169 

2.1.2 MODIS Snow Cover Extent 170 

 We downloaded MODIS data from the National Snow and Ice Data Center (NSIDC). We 171 

used the MODIS/Terra Snow Cover Monthly L3 Global 0.05Deg CMG, Version 6 product (Hall 172 

& Riggs, 2015). Monthly average snow cover data are derived from the daily snow cover 173 

observations. Data are available from 2000-03-01 to present at a 0.05° x 0.05° resolution. We 174 

used these data to define the snow-covered area and create a mask to remove areas that would 175 

not be relevant for snow drought analysis. Similar to Huning & AghaKouchak (2020), we 176 

created average monthly snow cover extent maps by averaging all of the years of data for each of 177 

the months; we used only cells that had >5% snow cover. We then used bilinear interpolation to 178 

resample the grid to the MERRA-2 spatial resolution (0.5° x 0.625°).  179 

 180 

2.2 Methods 181 

Building from the univariate approach by Huning & AghaKouchak (2020), we apply a 1-182 

month multivariate nonparametric snow drought index using temperature, precipitation, and 183 

SWE data. We used a nonparametric approach as it allows us to compare different geographic 184 
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regions and hydroclimate regimes without having to fit a distribution, such as with the 185 

commonly used parametric gamma distribution approach. We applied the framework for 186 

developing standardized drought indicators presented by Farahmand & AghaKouchak (2015) 187 

and used earlier by Hao & AghaKouchak (2014). The framework employs Gringorten's plotting 188 

position rule, which gives a marginal probability associated with ranked data: 189 

 

𝑝(𝑥𝑖) =
𝑖 − 0.44

𝑛 + 0.12
 

 

(3) 

where n is the sample size, i is the rank of the variable of interest (i.e., precipitation or soil 190 

moisture) starting from the smallest value, and p(xi) is the corresponding empirical probability. 191 

The probability is then standardized to give the univariate standardized drought index with:  192 

 

                                                            𝑆𝐼 = 

Φ
−1

 (𝑝) 

 

(4) 

where Φ is the standard normal distribution and 𝑝 is the empirical probability from eq. (3) 193 

(Farahmand & AghaKouchak, 2015; Gringorten, 1963). Equation 4 can be standardized using a 194 

commonly used approximation (Naresh Kumar et al., 2009):  195 

𝑆𝐼 =

{
 
 

 
 −(𝑡 −

𝐶0 + 𝐶1𝑡 + 𝐶2𝑡
2

1 + 𝑑1𝑡 + 𝑑2𝑡
2 + 𝑑3𝑡

3
)  𝑖𝑓 0 <  𝑝 ≤ 0.5

+(𝑡 −
𝐶0 + 𝐶1𝑡 + 𝐶2𝑡

2

1 + 𝑑1𝑡 + 𝑑2𝑡
2 + 𝑑3𝑡

3
)  𝑖𝑓 0.5 < 𝑝 ≤ 1

  

 

(5) 

where were the coefficients were estimated to be: C0=2.515517, C1=0.802583, C2=0.010328, 196 

d1=1.432788, d2=0.189269, d3=0.001308 (Farahmand & AghaKouchak, 2015), and  197 
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𝑡 =  

{
 
 

 
 
√𝑙𝑛

1

𝑝2
              𝑖𝑓 0 <  𝑝 ≤ 0.5

√𝑙𝑛 
1

(1 − 𝑝)2
  𝑖𝑓 0.5 < 𝑝 ≤ 1

 

 

(6) 

 198 

Yue et al. (1999) expanded the Gringorten’s plotting rule to accommodate a joint probability (pj) 199 

with multiple variables as follows: 200 

𝑝𝑗(𝑥𝑘, 𝑦𝑘, 𝑧𝑘) =
𝑚𝑘 − 0.44

𝑛 + 0.12
 

 

 

(7) 

Where again, n is the sample size and mk is the number of occurrences of the pair (xi, yi, zi) for xi 201 

≤ xk and yi ≤ yk and  zi ≤ zk  and 1 ≤ i ≤ n. It can then be standardized as with the univariate 202 

approach (equations (4), (5), and (6)) to derive the multivariate standardized drought index 203 

(Farahmand & AghaKouchak, 2015; Yue et al., 1999): 204 

 205 

                                    MSDI = Φ
−1

 (𝑝j) 

 

(8) 

This approach can be used to include multiple variables; it has been tested using 206 

precipitation and soil moisture data to capture drought conditions (Hao & AghaKouchak, 2014). 207 

Further, this method was employed by Huning & AghaKouchak (2020) to establish a univariate 208 

snow drought index for a medium length drought (3-month period) using SWE data. This study 209 

extends their approach to include multiple variables related to snow droughts and uses a different 210 

drought length to capture short term drought characteristics.  211 



12 

 

Using a nonparametric approach allows us to avoid having to fit a probability distribution 212 

function. Therefore, this index is more easily comparable among global mountain ranges 213 

(Farahmand & AghaKouchak, 2015). However, given that there is no fitted distribution, 214 

nonparametric methods can be prone to overfitting (Tsybakov, 2009). Additionally, it can also be 215 

used to monitor the temporal evolution of snow droughts throughout the winter months. We 216 

isolated the mechanisms behind the observed snowpack changes by calculating a multiple 217 

regression equation between the snow drought index and temperature and precipitation. We 218 

calculated the relative importance of temperature or precipitation to the multivariate snow 219 

drought index, computed using SWE, temperature, and precipitation.  220 

 221 

2.3 Regional Analysis 222 

We aggregated temperature, precipitation, SWE, and snow drought data using the Global 223 

Mountain Biodiversity Assessment (GMBA) mountain inventory, which also includes names of 224 

the mountain ranges (Körner et al., 2017). We used two of these mountain regions as regional 225 

case studies: the Cascade Range and Himalaya Mountains. We select these two mountain ranges 226 

because of their similarities in their importance to downstream water users and their differences 227 

in climatologies and subsequent potential differences in snow drought drivers. We analyze both 228 

findings aggregated by mountain and the unaggregated data to look at the changes in the 229 

characteristics of drought as opposed to just differences between mountain systems. We counted 230 

mountain ranges in the world that experience snow droughts because of precipitation or 231 

temperature, identified and map mountain ranges that switched from one driving mechanism to 232 

another from the first half of the study period (1980 to 2000) to the next (2001 to 2021).  233 



13 

 

We then analyzed the occurrence of snow droughts in vulnerable mountain ranges. 234 

Vulnerable mountain ranges in this context are ones that are highly dependent on winter 235 

precipitation, having > 40% of their average yearly precipitation coming during December, 236 

January, and February and that they are highly dependent on winter precipitation stored in the 237 

form of snow. Snow acts as a form of storage that can be released in the summer as it melts when 238 

demand is higher. Therefore, without snow, there is a critical temporal mismatch between peak 239 

water availability and peak consumptive water use. These mountain ranges are ones where 240 

management and adaptation planning need to be targeted. 241 

 242 

2.4 Climatological Regime 243 

We use the Global Seasonal Snow Classifications to better understand regional 244 

characteristics of snow droughts by snow types and climatologies (Sturm & Liston, 2021). The 245 

Global Seasonal Snow Classification dataset provides a global map of 7 snow cover classes at a 246 

300m resolution calculated from meteorological, landcover, and topography data (Sturm & 247 

Liston, 2021). The classifications include tundra, montane, ephemeral, boreal forest, maritime, 248 

prairie, and ice snow types and are based on thresholds of wind, precipitation, temperature, and 249 

snow cover timing and influenced by topography and landcover.      250 

 251 

3. Results 252 

3.1 Drivers of Global Snow Drought Trends 253 

In the northern hemisphere, dry snow droughts (driven by precipitation) are the most 254 

common and they are prevalent from January to September. During these months, more 255 

mountain ranges experienced dry snow droughts driven by precipitation as opposed to warm 256 
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snow droughts driven by temperature. Figure 1a shows the number of northern hemisphere 257 

mountain ranges for each month that had snow droughts driven by temperature or precipitation. 258 

The snow droughts were mostly caused by temperature at the start of winter (i.e., October, 259 

November, December) and by precipitation at the end of winter (March, April, and May).  260 

In the southern hemisphere, dry snow droughts were again the most common. However, 261 

compared to the northern hemisphere, the number of mountain ranges that had precipitation as 262 

the main driver of snow droughts was very similar to the number of mountain ranges with 263 

temperature as the main driver (see Figure 1b yearly column). Dry snow droughts were the most 264 

prevalent in the south from January to March, July to September, and November. Similar to the 265 

northern hemisphere, temperature was the main driver at the start of the southern hemisphere 266 

winter (i.e., April to June). 267 

Many of the warm snow droughts were in the coastal areas of western North America 268 

during May and South America during November (see Figure 2). For example, during May 269 

(November), the majority of snow droughts were dry snow droughts (see column 5 in Figure 1a 270 

and column 11 in Figure 1b). However, the warm snow droughts appear to be clustered in the 271 

Northwest of the United States and Canada and along the Andes range in South America; some 272 

were in Central Asia. Other coastal areas, such as the eastern coast of China, do not follow this 273 

trend and had precipitation being the main driver of snow droughts. May was selected because it 274 

is the end of the winter season and an important time for water management related decision 275 

making in the western United States. 276 

 277 

Figure 1. Number of mountain ranges by month with the driving mechanism being either 278 

precipitation or temperature over the whole record (1980 to 2021) in (a) the northern hemisphere 279 
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and (b) the southern hemisphere. The yearly column indicates the number of ranges from the 280 

yearly aggregate. Data are separated by mountain ranges in the northern hemisphere and the 281 

southern hemisphere. 282 

 283 

Figure 2. Global map showing the driving mechanism behind snow droughts over the whole 284 

historical record in May (in the northern hemisphere) and  November (in the southern 285 

hemisphere). 286 

 287 

Many mountain ranges in both the northern and southern hemispheres showed a shift in 288 

the mechanism driving snow droughts (Figures 3 and 4). In both the northern and southern 289 

hemisphere, more mountain ranges shifted to having temperature be the main driver of snow 290 

droughts (Figure 3 yearly pie charts). During the core winter months in the northern hemisphere 291 

(December, January, February), more mountain ranges shifted from precipitation to temperature 292 

driven snow droughts. For example, in December, about ~ 150 mountain ranges shifted from 293 

precipitation to temperature, compared to about 100 shifting from temperature to precipitation, 294 

and about 100 remained with precipitation being the dominant driver and 130 with temperature. 295 

However, more mountain ranges shifted toward snow droughts being driven by precipitation 296 

during May.  297 

During the core winter months in the southern hemisphere (June, July, August), more 298 

mountain ranges shifted to being driven by temperature, particularly during the earlier winter 299 

(April, May) and end of the season (October). However, compared to the mountains in the north, 300 

the mountain ranges in the south retained their driving mechanism during the winter months. For 301 

example, during July and August, most mountain ranges had no shift and remained with 302 

precipitation as the primary driver of snow droughts.  303 
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 304 

Figure 3. The number of mountain ranges that either showed a shift in the dominant type of snow 305 

drought from the first half of the study period (1980-2000) to the second half (2001-2021) or had 306 

a stationary driving mechanism. The top row is the northern hemisphere, including the months 307 

October to May and the yearly aggregate, and the bottom row is the Southern Hemisphere, 308 

including the months April to November and the yearly aggregate. Precipitation indicates 309 

mountain ranges that consistently had precipitation as the driving mechanism. Likewise, 310 

temperature indicates mountain ranges where temperature was consistently the driving 311 

mechanism. Precipitation to temperature indicates mountain ranges that switched from dry to 312 

warm snow droughts and temperature to precipitation indicates switches from warm to dry snow 313 

droughts. The number of mountain ranges changes every month because of the constraints on 314 

snow covered area (i.e., shown by the changing size of empty parts of the pie charts).  315 

 316 

In the month of May and November, the mountain ranges in northern and southern 317 

hemispheres, respectively, had a stationary snow drought driver (i.e., remained as either 318 

precipitation or temperature from the first half to the second half of the record). However, of the 319 

ones that shifted, they appear to mainly be in the northwest of North America and Central Asia. 320 

Figure 4 shows how snow droughts changed in May from the first half of the study period to the 321 

second. In the northwest of North America, more mountain ranges appear to have shifted toward 322 

temperature being the main driver of snow droughts, while in Central Asia, it appears to be 323 

precipitation. Again, May was selected because it is the end of the winter season and is an 324 

important time for water management related decision making in the western United States.  325 

 326 

 327 

 328 

 329 
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 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

Figure 4. Changes in the key variable driving snow droughts during May (November) from the 346 

first half (1980-2000) of the study period to the second half of the study period (2001-2021).  347 

 348 

 In the northern hemisphere, all months had an increasing trend in snow drought area; 349 

however, in the southern hemisphere, this was not always the case. Figure 5 shows the slope of 350 

the time series of the percent of the area of the global domain (segmented by hemisphere) that 351 

was in drought over the whole historical record for each month. In the southern hemisphere, 352 

October and November had a negative slope, indicating that those months had less area over time 353 

experiencing drought; April had almost a slope of 0. This pattern of little change or negative 354 

slope during the start and end of the cold months is opposite to the northern hemisphere where 355 

the tail ends of the cold season are when there is the greatest change in area experiencing drought 356 

over time. In the northern hemisphere, March, April, and May, had the greatest changes in the 357 

amount of area experiencing snow droughts.   358 

 359 
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Figure 5. Sen’s slope of the trend in % of global area in a snow drought (SI < -0.5). (a) is the 360 

northern hemisphere and (b) is the Southern Hemisphere. We calculated a time series of the 361 

global domain classified as having a snow drought by month. We then calculated the Sen’s slope 362 

of that trend line. In the Northern Hemisphere, there was an increasing trend in % of area 363 

experiencing snow drought across all months. In the Southern Hemisphere, there was an 364 

increasing trend in the % of area experiencing snow droughts across all months; however, in all 365 

months except September, it is within the range of variability that there was a decreasing trend.  366 

 367 

 368 

During the months of September to March and June, snow droughts were mostly driven 369 

by temperature (i.e., warm snow droughts) in the vulnerable mountain ranges of the northern 370 

hemisphere (Figure 6). Recall that we define vulnerable mountain ranges as ones that are highly 371 

dependent on winter precipitation, having > 40% of their average yearly precipitation coming 372 

during December, January, and February (Figure 8). The majority of these mountain ranges 373 

experienced some shift (mostly toward temperature), showing nonstationary behavior in the 374 

characteristics of wintertime conditions (Figure 7).  375 

 376 

Figure 6. Number of monthly snow droughts caused by temperature and precipitation in 377 

vulnerable mountain ranges (i.e., winter precipitation dependent mountain ranges) in the northern 378 

hemisphere over the whole historical record (1980 to 2021). These mountains ranges are areas 379 

where snow storage is critical for lowland uses during warmer months. More of these ranges 380 

experience warm snow droughts and are more at risk of future snow droughts because of the 381 

certainty of future warming. 382 

 383 
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Figure 7. Changes in snow drought mechanisms for the vulnerable mountain ranges in the 384 

northern hemisphere. Vulnerable mountain ranges are the ones that are dependent on winter 385 

precipitation. The number of mountain ranges that change the dominant type of snow drought 386 

from the first half of the study period (1980-2000) to the second half (2001-2021). Precipitation 387 

indicates mountain ranges that consistently had precipitation as the driving mechanism. 388 

Likewise, temperature indicates mountain ranges where temperature was consistently the driving 389 

mechanism. Precipitation to temperature indicates mountain ranges that switched from dry to 390 

warm snow droughts and temperature to precipitation indicates switches from warm to dry snow 391 

droughts. The number of mountain ranges changes every month because of the constraints on 392 

snow covered area (i.e., shown by the changing size of empty parts of the pie charts). 393 

Figure 8. Percent of yearly precipitation falling during northern hemisphere winter (December, 394 

January, February) over the whole study period. 395 

 396 

3.2 Regional Trends: Case studies in Cascades and Himalaya Mountain Ranges 397 

 Herein, we showcase the Cascade and the Himalaya Mountain Ranges to further 398 

understand historical shifts in snow drought occurrence at a more local level. Recall that we used 399 

these two mountain ranges because they have different climatologies and the implications of 400 

changes in snow drought in these ranges is significant due to their role in water supply and 401 

downstream uses, such as agriculture, livelihoods and recreation. Together, they provide 402 

examples of what the broader and widespread impacts of snow droughts can be.   403 

In the Cascade Range, there was more area in drought or near normal conditions in the 404 

second half of the study period in all months (Figure 9). In October, there is less area in drought 405 

in the second part of the study period, compared to the first half of the study period, but a 406 
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decrease in wet area and a large increase in near normal conditions. For all other months, there is 407 

only a slight change from the first half to the second half in the amount of area designated as 408 

near normal. November, December, and May had the greatest increase in area in drought, 409 

compared to other months. The biggest shifts occurred in November and December in the 410 

decrease in wet area from the first half of the second half of the study period. 411 

In the Himalaya mountain range, not all months had more area in drought in the second 412 

half of the study and some months had more wet conditions in the second half of the study period 413 

than in the first half. For example, January, February, and May had more wet area in the second 414 

half of the study period than the first. Further, during those months, there was also less area in 415 

drought and more in near normal. Additionally, in the Himalaya Mountain range, the shifts in the 416 

amount of area having either wet or drought conditions from the first half to the second half of 417 

the study period were much smaller than the Cascade Range. For example, the amount of wet 418 

area in October, November, March, and May in both halves of the study period are very similar.  419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 
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Figure 9. Departure of the percent of the area from the first to the second part of the study period 430 

experiencing drought (< -0.5 SI), near normal ( >= -0.5 & <= 0.5 SI), or wet (> 0.5) conditions. 431 

‘Drought’ includes all drought types (i.e., warm and dry snow droughts). The first part of the 432 

study period includes the years 1980 to 2000 and the second part includes the years 2001 to 433 

2021. The Cascade Range showed a shift to more dry or near normal area and less wet area in all 434 

months; the Himalaya Mountain Range had no consistent shift across all months, with some 435 

months having more wet area. 436 

 437 

 Temperature was the driving mechanism behind snow droughts in the Cascade Range in 438 

all months except for February and March while precipitation was the driving mechanism behind 439 

snow droughts in the Himalaya mountains for all months (see Figure 10). In the Himalaya 440 

Mountain range, precipitation can explain more than 60% of the observed snow drought 441 

variability between December and May; in October and November, both temperature and 442 

precipitation explain about 50% of the variability. In the Cascade Range, while temperature 443 

explains more of the variability in more of the months, it never explains more than 55% of the 444 

variability. In the Cascade Range, both temperature and precipitation explain between 45 to 55% 445 

of the variability in all months. 446 

 447 

Figure 10. Driving mechanism behind snow droughts in the Cascade and Himalaya Mountain 448 

Ranges. This was calculated as the percent of the variance in snow droughts explained by either 449 

temperature or precipitation. 450 

 451 

3.3 Climatological Regime 452 
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 When looking at the driving mechanism of snow drought by snow classification type at a 453 

yearly temporal scale, certain snow types had clear drivers (Figure 11). In the northern 454 

hemisphere, tundra, boreal, prairie, and ice snow type areas had the most area with dry snow 455 

droughts. Maritime and ephemeral snow had the most area experiencing warm snow droughts; 456 

montane snow had about equal amounts of area with temperature or precipitation as the driver. In 457 

all snow types except boreal forests, the shift in snow drought driver was more toward the 458 

dominant mechanism. For example, the tundra snow type had more area with precipitation as the 459 

snow drought driver and in the area where the snow drought driver shifted, it shifted from 460 

temperature to precipitation (Figure 11 Northern Tundra column).  461 

 In the southern hemisphere, all snow types except for tundra had the most area with 462 

temperature as the main driver of snow droughts (Figure 11). However, in the area that had a 463 

shift in the main snow drought driver, more area shifted toward being driven by precipitation. 464 

For example, the maritime snow type had the most area with temperature as the main driver but 465 

the only shift in driver occurred was the temperature to precipitation. In the tundra snow areas, 466 

more area had snow droughts being driven by precipitation and had more area shift to being 467 

driven by precipitation (compared to shifting to snow droughts being driven by temperature). 468 

However, the majority of the southern hemisphere snow type is ephemeral snow and the majority 469 

of the area had snow droughts being driven by temperature, although similar to other snow types, 470 

more overall area shifted toward snow droughts being driven by precipitation.  471 

 472 

 473 

 474 

 475 
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Figure 11. Count of driving snow drought mechanism by snow classification type in the (a) 476 

northern and (b) southern hemispheres over the whole historical record. Calculated using the 477 

yearly snow drought classification showing the dominant snow drought type over the whole 478 

record by snow classification type. 479 

 480 

4. Discussion 481 

1) Global patterns 482 

Because we calculated the drought index using a 1-month time scale, we were able to see 483 

how different months of the winter season were changing. In the northern hemisphere, the tail 484 

ends of the season had a much greater rate of increase in drought conditions than the middle of 485 

the cold season, whereas in the southern hemisphere, the core of the winter season had a greater 486 

rate of increase in drought area. Additionally, we saw that drought conditions were becoming 487 

more widespread during certain months over the historical record. Further, we were also able to 488 

see that in areas within certain mountain ranges, not all months were becoming drought prone. 489 

Much of the broader drought literature has shown that droughts are increasing in frequency due 490 

to climate change, severity, and extent, which our results diverge from (Loukas et al., 2008; 491 

Naumann et al., 2018; Pokhrel et al., 2021; Vicente-Serrano et al., 2014; Wanders et al., 2015; 492 

Wang et al., 2016; Xiao et al., 2016). For example, in the Himalaya mountains, we saw that 493 

January and February had a greater amount of area with wet conditions, compared to the first 494 

part of the study period. Therefore, by using the temporal drought index calculation and the 495 

geographic aggregate, we were able to see these trends at both the yearly and interannual scale.  496 

We focused on short-term snow droughts to better understand trends throughout the 497 

winter that could improve water management decision making. While short term droughts are 498 
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more sensitive to changes in precipitation and temperature (Wilhite & Glantz, 1985), knowing 499 

short term drought trends is important because snow anomalies in April and May are more of a 500 

control on summer moisture and important for decision making in the western United States 501 

(Bohr & Aguado, 2001; Quiring & Kluver, 2009). Additionally, large, late-season snow events 502 

can misrepresent conditions and important metrics that water managers look at, such as date of 503 

peak SWE, snow disappearance date, and the duration of snow cover (Cooper et al., 2016). With 504 

the 1-month approach, we saw that snow droughts were driven by precipitation in more 505 

mountain ranges in the northern hemisphere in March, April, and May but by temperature earlier 506 

in the season. In some areas, during the start of the season, temperature dominates because it 507 

determines the form of precipitation. Once the season is underway, precipitation dominates but 508 

diminishes because temperature dictates snowmelt season and so starts to become more 509 

important. However, further research can be undertaken to better understand how changes in the 510 

later part of the winter connect to changes in storage, such as reservoir, groundwater, and soil 511 

moisture storage.   512 

2) Vulnerable ranges 513 

The observed changes in snow droughts drivers in highly vulnerable mountain systems 514 

are of particular concern given future projections of temperature and precipitation due to climate 515 

change (Calvin et al., 2023; Collins et al., 2012). In highly vulnerable mountain ranges, 516 

temperature was the driving mechanism in more of the mountain ranges; the majority of the 517 

mountain ranges showed a change in the snow drought driving mechanism from precipitation 518 

towards temperature. This set of mountain ranges had a different trend compared to all of the 519 

mountain ranges—more of the vulnerable mountain ranges experienced warm snow droughts 520 

and when there was a shift, more mountain ranges shifted toward dry snow droughts; in the 521 
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whole set of northern hemisphere mountain ranges, more ranges had dry snow droughts during 522 

the core winter months and when there was a shift, it was not always toward temperature. 523 

The shift toward temperature driving snow droughts is particularly concerning because 524 

temperature projections are much more certain than precipitation projections (Calvin et al., 525 

2023). Therefore, areas that continue to have snow droughts driven by temperature will continue 526 

to see less of a snowpack, which is consistent with many of the trends in the western US 527 

(Dierauer et al., 2019; Li et al., 2017; Marshall et al., 2019; Mote et al., 2005; Shrestha et al., 528 

2021; Siirila-Woodburn et al., 2021). Comparatively, projections about changes in precipitation 529 

are much more uncertain, with certain regions having projected increases in precipitation, 530 

making the future risk of dry snow droughts more uncertain (Calvin et al., 2023). This is of 531 

concern to water managers who allocate water from headwater dependent areas or watersheds 532 

where runoff from snowmelt is a major source of water, such as the Cascade Range (Li et al., 533 

2017). Therefore, the shifts in snow drought will have differing regional effects because 534 

adaptation capacity of certain regions given current projections as well as the effect on water 535 

availability and timing (Harpold et al., 2017). For example, there might only be a mismatch in 536 

timing with water supply and demand in a warm snow drought year but there may be a greater 537 

water deficit in dry snow drought years. Future work can explore direct regional impacts from 538 

dry and warm snow and adaptation potential.   539 

While the highly dependent mountain ranges are more critical areas for preserving water 540 

security as it relates to snow, it is still important to know how snow drought types are shifting in 541 

mountain regions because mountains systems are critical ecosystems and water towers (Hock et 542 

al., 2019; Viviroli et al., 2007). Many mountain ranges showed a shift over the historical record 543 

in the key driver of snow droughts (i.e., from warm to dry or dry to warm snow droughts), which 544 
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would have different implications for downstream managers and users through changes in water 545 

availability and timing if they undergo further changes. For example, mountain ranges that were 546 

historically experiencing dry snow droughts may have more of a flood concern if warm snow 547 

droughts become more frequent (Harpold et al., 2017). In the western US, many of the 548 

ecoregions are projected to be much more susceptible to warm snow droughts with future 549 

projected warming (Dierauer et al., 2019). However, this may be less of a problem for areas that 550 

are adapted to this type of snow drought if there is enough storage capacity (Smith & Edwards, 551 

2021).  552 

 553 

3) Regional studies  554 

Snow droughts in Cascade Range were historically driven by temperature (except in 555 

February and March) (recall from Figure 10). However, although snow droughts were mainly 556 

driven by temperature, it explained no more than 55% of the variability month-to-month, 557 

indicating that the Cascade Range may be affected by a combined snow drought type or different 558 

local scale variabilities causing temperature and precipitation across the range. When testing the 559 

2014-2015 snow drought (Dye et al., 2023; Mote et al., 2016) as an analog for future warming, it 560 

was found that temperature was not the sole factor but rather also the timing and magnitude of 561 

precipitation events (Cooper et al., 2016). This may be because the western side of the Cascade 562 

Range is mainly classified as maritime snow, which is found in physical environments with wind 563 

and high precipitation and has a deep, wet snowpack and the east side of the Cascade Range is 564 

mainly classified as montane forest snow, which is found in physical environments that are warm 565 

and forested and have a moderate depth, wet, snowpack. These differences in snow types are due 566 

to difference in formation processes, such as landcover, wind speed, and precipitation amount, 567 
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which is evident in the dominant snow drought drivers (Sturm & Liston, 2021). Future research 568 

should explore combined dry and warm snow droughts types within mountain ranges to better 569 

understand their impacts.  570 

In the Himalayas, snow droughts were historically driven by precipitation (recall from 571 

Figure 10). During all months, precipitation explains between 55% to 75% of the variability. The 572 

Himalayas have different weather and climate patterns and therefore, different snow types than 573 

the western U.S. and Cascade Range. The Himalayas have two periods of increased moisture 574 

during the year—one during the northern hemisphere winter months and also during the summer 575 

monsoons (Sabin et al., 2020). Additionally, the Himalayas have a combination of tundra, 576 

montane forest, prairie, and ephemeral snow types but the majority of the area is tundra or 577 

ephemeral snow. Tundra snow is found in areas that are cold and windy, such as high mountain 578 

environments, and the snow is usually shallow and hard slabs; tundra snow tends to be colder 579 

than other snow types (Sturm & Liston, 2021). Therefore, precipitation has more of a control on 580 

the snowpack and snow cover extent, which we saw with the dominant driver of snow droughts 581 

being precipitation across all months (Cannon et al., 2017; Clark et al., 1999). These differences 582 

between the Himalaya Mountains and Cascade Range highlight the importance of understanding 583 

individual mountain systems. 584 

4) Climatological regime 585 

The trends in snow drought drivers by snow type indicate the key snow formation 586 

mechanisms that are being most affected by climate change. In both the northern and southern 587 

hemispheres, mountain ranges with the types of snow that are characterized by a colder 588 

snowpack (i.e., tundra and boreal snow) were dominated by dry snow droughts (i.e., drive by 589 

precipitation). Conversely, mountain ranges with snow types that were more characterized by 590 
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warm snow, such as ephemeral, maritime, and montane forests, had more mountain ranges with 591 

warm snow droughts (i.e., driven by temperature). While temperature and precipitation patterns 592 

are central to snow accumulation and melt, there are also local scale variations in landcover, 593 

elevation, topography, and climate that also contribute to changes in snow patterns (Dadic et al., 594 

2010; Jost et al., 2007). In the northern hemisphere, temperature was becoming more of a driver 595 

in all snow type areas (compared to precipitation), except tundra and prairie, which is expected 596 

as the climate warms and continues to affect snowpack accumulation and melt (Adam et al., 597 

2008; Barnett et al., 2005; Li et al., 2017). However, there was more area shifting toward dry 598 

snow droughts in the tundra snow areas, potentially indicating that temperature was not yet a 599 

dominant mechanism in those areas. However, future warming has been projected to impact 600 

tundra snow areas, such as the Himalayas (Lutz et al., 2014). 601 

 602 

5. Conclusion 603 

We investigated global drivers of snow droughts and identified how those drivers shifted 604 

over the historical record. We extended a standardized snow drought index to include 605 

precipitation, temperature, and SWE in order to isolate the mechanisms driving snow droughts 606 

globally. We were able to identify common drivers of snow droughts that exist across similar 607 

geographical areas (i.e., northern and southern hemisphere and mountain ranges) and 608 

hydroclimatic regions (snow type areas). Finally, we assess the major drivers of snow droughts 609 

in mountain ranges that were highly dependent on winter precipitation. We found that snow 610 

droughts were historically driven by precipitation in the majority of mountain ranges. However, 611 

many mountain ranges shifted from having snow droughts driven by precipitation to snow 612 

droughts driven by temperature. In mountain ranges that were classified as being highly 613 
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dependent on winter precipitation, the majority of mountain ranges had snow droughts driven by 614 

temperature. Regionally, the Cascade Range showed a shift to having more area experiencing 615 

drought across all months, while the Himalaya Range had much more inconsistent shifts over the 616 

historical record in drought occurrence. Much more research is needed to better understand snow 617 

droughts, their drivers, and the risk they pose regionally to food and water security.  618 
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