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Abstract: Snow plays a crucial role in the global water cycle, providing water to over 20% of
the world’s population and serving as a vital component for flora, fauna, and climate regulation.
Changes in snow patterns due to global warming have far-reaching impacts on water management,
agriculture, and other economic sectors such as winter tourism. Additionally, they have implications
for environmental stability, prompting migration and cultural shifts in snow-dependent communities.
Accurate information on snow and its variables is, thus, essential for both scientific understanding
and societal planning. This review explores the potential of remote sensing in monitoring snow
water equivalent (SWE) on a large scale, analyzing 164 selected publications from 2000 to 2023.
Categorized by methodology and content, the analysis reveals a growing interest in the topic,
with a concentration of research in North America and China. Methodologically, there is a shift
from passive microwave (PMW) inversion algorithms to artificial intelligence (AI), particularly the
Random Forest (RF) and neural network (NN) approaches. A majority of studies integrate PMW
data with auxiliary information, focusing thematically on remote sensing and snow research, with
limited incorporation into broader environmental contexts. Long-term studies (>30 years) suggest a
general decrease in SWE in the Northern Hemisphere, though regional and seasonal variations exist.
Finally, the review suggests potential future SWE research directions such as addressing PMW data
issues, downsampling for detailed analyses, conducting interdisciplinary studies, and incorporating
forecasting to enable more widespread applications.

Keywords: snow; snow water equivalent; snow depth; passive microwave; remote sensing; earth

observation

1. Introduction
1.1. Contextualized Impacts of a Changing Snowpack

Snow plays a crucial role in the global water cycle, serving as the primary water
source for over 20% of the world’s population [1-3]. It furthermore influences various
environmental and societal aspects, as depicted in Figure 1. Snow is also foundational to
the life of flora [4,5] and fauna [6,7] in diverse global regions. Not only that, snow also
affects climate regulation including local cooling and radiative forcing [8], as well as Earth’s
mass balance [9] and its methane budget [10]. A comprehensive understanding of the
world’s snowpack is, thus, vital and achieved by assessing several variables. Besides snow
extent and snow depth (SD), snow water equivalent (SWE) is often employed to do so. SWE
is defined as the vertical depth of water that would result if all snow over a certain area
would melt [11]. SWE depends largely on snow composition and, thus, on snow density
and snow crystal size [12].

With global warming changes in the global snowpack are induced, generating chal-
lenges for human livelihood, ranging from water availability over economic factors up
to societal transformations [13]. For instance, regions reliant on snow for drinking water,
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Environmental Issues:

1. Climate (radiative forcing, local
cooling, mass balance, methane
budget)

2. Flora (pollinator Lost, water
availability, habitat changes)

3. Fauna (water availability,
coloration missmatch, habitat
changes)

such as the Colorado River Basin (USA) and downstream of the Himalayas (Asia), face
increasingly complex resource management issues [14,15]. Declining snow as a freshwater
resource impacts agriculture, leading to snow-related droughts, which can severely hinder
harvests and even result in complete crop failures [16]. Farmers are compelled to adapt tra-
ditional planting schemes by seeking resilient alternative crops to mitigate these risks [17].
Furthermore, the absence of snow and the resulting water scarcity increase the demand for
irrigation, but reduced water availability complicates meeting this need [18]. In addition to
water scarcity, the changing climate and snowpack affect snowmelt patterns, heightening
the risk of flooding [19-21]. Increased rain-on-snow events further intensify this risk [22].
Floods pose a threat primarily to agriculture, but also endanger civil infrastructure and
residential areas [23]. Additionally, these areas are getting more threatened by the increase
in the frequency, as well as the decreased predictability of snow avalanches [24,25].

Civil Hazards Economic Issues Societal Issues

4. Freshwater Scarcity 8. Agriculture (reduced harvest, 11. Migration

5. Floods crop resistance) 12. Endangered Culture
6. Droughts 9. Hydropower (reduced potential,

7. Snow Avalanches possible total loss)

10. Winter Tourism (less snow,
higher operating cost, possible total
loss)

Figure 1. An overview of the influence of climate change-driven alterations in snowpack on the
environment and society. Several symbols used are adopted or modified according to the courtesy of the
Integration and Application Network, University of Maryland Center for Environmental Science, as well as
https://www.freepik.com/, accessed on 18 September 2023.

The increased physical and economic risks are driving people in various regions to
abandon their homes and seek refuge in safer areas [26-28]. But, also, for humans who are
not forced to migrate yet, the changing snowpack rises additional challenges to their living
circumstances, besides the already mentioned ones. For instance, communities relying on
snow-fed rivers for hydropower face reduced power reliability and diminishing energy
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potential [29,30]. In addition, various regions rely on snow as an economic factor, primarily
for winter tourism. Decreasing snowfall and an increasing snowline, especially at medium
altitudes, is making operations in this sector more expensive and difficult to sustain [31].
This leads to situations in which a strong economic sector in otherwise traditionally econom-
ically weak mountain regions weakens and might disappear completely [32,33]. Finally,
evolving snow conditions affect not just physical and economic aspects, but also social
factors. Snow serves as a vital identifier in many communities, influencing local culture
through art, music, and various events [34]. The decline in snow jeopardizes this cultural
aspect, with uncertain consequences for these communities [35].

But, changes in terrestrial snow not only influence human livelihood, but also flora and
fauna [36]. Beyond the concern of freshwater scarcity, various challenges, such as forced
new wandering behavior, forage issues, constantly changing habitat balances, or coloration
mismatches complicate the survival dynamics of various animal species [37—40]. In addition,
changing snow pack affects certain pollinator species, with significant implications for
flora, particularly in mountainous regions [41]. The flora additionally faces challenges from
disrupted seasonality and the inconsistent duration of the snow season [42]. Moreover,
the absence of snow leads to drought and reduced water availability, impacting plant
growth [43,44]. However, the absence of snow not only has negative impacts on the flora,
but also opens up new habitats in areas that previously offered hardly any living space for
plants [45].

1.2. Measuring Snow Water Equivalent

As summarized in the previous section, snow is a crucial aspect for numerous fields.
Therefore, it is essential to have exact estimates of how much snow can be found at which
location. Snow can be measured using different means. A widely established method is
in situ using measuring poles or ultrasound for SD and gauges for SWE [46,47]. Since the
appearance of satellite remote sensing, snow can also be measured from space, with snow
cover extent (SCE) being one of the first and most commonly derived parameters. While
SCE can be determined as a binary variable (yes/no) from optical or synthetic aperture
radar (SAR) data, for the determination of SD and especially SWE, various factors have to be
considered [1,13,48]. For the estimation of SWE, there are three main spaceborne methods:
passive microwave (PMW), gravimetric data, and SAR. There are also other, at least partly,
spaceborne methods for SWE assessment such as Light Detection and Ranging (LiDAR)
or the use of the Global Navigation Satellite System (GNSS). However, these methods
are mainly employed airborne (LiDAR) [49,50] or use physical receivers on the ground
(GNSS) [51,52] and are, therefore, not suited for the scope of this review and were not
further considered. Within SAR, there are two different methods. Firstly, there is differential
interferometry, using phase differences. This method, however, is still in a development
stage, and there are no global or large-scale studies or products published to date [53-55].
The second SAR method uses radiative transfer models and backscatter (X- and Ku-band),
is more advanced in its development, and delivers satisfactory results on small scales
(e.g., catchment level), but has also yet to be proven suitable for hemispheric or global
applications [56]. There is only one study that applied a variation of the backscatter method
on C-band data to generate information on a global scale [57]. This method, however,
has not seen widespread replication yet and is met with some reservation in certain other
studies [58]. Based on the fact that barely any large-scale studies are published and also
that SAR data from older missions are not employed in current SWE studies, we decided to
exclude them from the review [59].
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Secondly, SWE can be estimated using gravimetric data, mainly from the Gravity
Recovery and Climate Experiment (GRACE) by the German Aerospace Center (DLR).
GRACE measures the Earth’s gravity field by measuring the change of the position of
satellites caused by gravity using the differential Global Positioning System (dGPS) [60].
As terrestrial water storage (TWS) and, thus, the accumulation of snow can change Earth’s
gravitational field, these data can be used for TWS/SWE determination. Therefore, GRACE
data are often combined with other datasets and used for modeling [61-64]. GRACE
delivers data with a very low spatial resolution (300 km pixel), but due do its global
coverage, it still offers possibilities for applications such as the estimation of drought or
flood severity [20,65,66]. Even though data from GRACE are only available from 2000 [67],
due to its global and large-scale applicability, we decided to include SWE-related studies
that used GRACE or its successor GRACE-Follow On (FO) in this review.

Finally, the most common sensor type used for SD/SWE studies is PMW. Here, the
difference in brightness temperature (Tb) between two frequencies, normally one around
18 GHz and one around 37 GHz, are compared to measure the attenuation of the snowpack
to the microwave emitted by Earth [68]. From this, SD can be derived. To determine
SWE, however, various snowpack variables, such as snow density or grain size, have to
be considered [69]. To include these variables, various inversion algorithms are applied.
Static algorithms use fixed values for snow density and grain size [68,70,71]. On the other
hand, there are dynamic algorithms, which rely on additional information regarding these
variables and adapt themselves locally [72-74]. In between the two are studies that use
different parameters in a certain static algorithm based on a land-cover classification [75].
In addition to snow density and grain size, which have to be taken in to account, there are
numerous factors that influence the accuracy of SWE estimates and have to be considered
when using PMW data such as the saturation of Tb measurements in deep snow, complex
terrain, land-cover classes, wet and shallow snow, or proximity to water bodies. A complete
list of the factors and their implications based on our review is provided in Section 3.8.
One main advantage of PMW as an SWE estimation method, also compared to SAR and
GRAUCE, is the temporal data coverage. Since the launch of the Scanning Multichannel
Microwave Radiometer (SMMR) by the National Air and Space Administration (NASA) in
1978, there has been continuous daily global coverage with PMW data. This means that
PMW is currently the only spaceborne SWE estimation method that offers the possibility of
long-term studies (>40 years) relying on daily observations, which might allow capturing
snowpack changes induced by global warming. An overview of the SWE estimation
methods, included in this review, is provided in Figure 2.

By including gravimetric and PMW studies, but excluding SAR, we wanted this
review to focus on the large-scale examination of SWE to determine the influence of global
warming on the worldwide snowpack. Unlike other recently published reviews [76,77],
which mainly focused on the state of the PMW methodology, we, therefore, wanted to
primarily focus on the application aspect of SWE estimation to mark the current state of
research and identify potential research gaps, as well as potential new possibilities building
on existing research and data.
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Figure 2. Description of the data-acquisition methods examined in the review. (A) Passive microwave
and its main challenges. (B) GRACE and GRACE-FO. Several symbols used are adopted or modified
according to the courtesy of the Integration and Application Network, University of Maryland Center for
Environmental Science, as well as https://www.freepik.com/, accessed on 18 September 2023.

2. Materials and Methods

For this review, we analyzed 168 peer-reviewed publications by classifying them
according to 15 different variables. An overview of this methodological process is provided
in Figure 3. The selection of the analyzed publications was based on a search for Science
Citation Index (SCI) papers on the Web of Science (WoS) database using the criteria dis-
played in Table 1. The search string, which was applied to the title, abstract, and keywords,
consisted of three main elements. Firstly, as we looked only for large-scale studies, the first
element was concerned with geographical terms. Secondly, our interest was in SWE; thus,
the search string was designed to only find studies concerned with SWE (or SD), but if
possible, leaving out other snow variables as, for instance, SCE. Thirdly, we were only
looking for studies that incorporated spaceborne data acquisition. Thus, the third element
focused on looking for particular sensors and technologies (PMW and GRACE). Finally,
to ensure an expedient and coherent search, we filtered by language, article type, impact
factor, and date.

The initial search yielded 316 publications. To ensure that only publications complying
with the above criteria were included in the review, we then manually filtered the search
results. The filtering was based on four main criteria:

. Study area size: Only studies conducted over an area of at least 500,000 km? were
included to comply with the large-scale character of this review. This limit was chosen
as it frequently serves as a threshold for the classification of major river basins [78,79].

¢ Data acquisition: Only studies that used data acquired by operational satellite missions
were selected. Thus, all studies with solely experimental satellite data or airborne data
were excluded.

*  Seaice: Publications concerned with snow on sea ice were excluded.

¢ Main focus: Only studies that examined either SWE or SD were included.
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Initial Search

Saerch-String: Extent, SWE and Sensors in
Title, Abstract or Keywords

Search WosS for SCI-Papers Document Type: Article
Language: English
Publication Date: ~ >01.01.2000
Impact Factor >2

Extent: >500,000 km? n=71
Data Aquisition: Main mean must be
Overarching Search Manual Filtering Zf;:gg:;e[ (é;:;d ne2
_____ experimental mission,
U Jit to find Filter the the Results of field campaigns or
S‘tngt,l r‘naps © Tink automated Search to ensure station-data)
potential misses applicablity Underground: only snow on land _15
(no sea-ice) n=
Main (Snow) Focus: Focus of study must
be on SD or SWE (not n=5_
SE or other
parameters) .
multiple: n = 19
Meta-Data: Author Info, Journal,
Data Extraction Year
Used Data: Sensors, Products, In-
Situ
;\/Ianua“y scan Publications Analysis: Spatial Extent, (Spatial
or releyant Information for and Temporal)
the review. Resolution, Duration,
examined Parameters,
n=168 Methodology and
Topics
Processed Data for
Review
Figure 3. Flowchart of the selection and data-extraction methodology.
Table 1. Criteria entered in the WoS search string applied to title, abstract, and keywords.
Criteria Conditions
“Planetary” OR “Global” OR “worldwide” OR “hemispheric”
OR “Northern Hemisphere” OR “North Hemisphere” OR
“large scale” OR “large-scale” OR “large-area” OR “large area”
OR “Continental” OR “Hemispheric-Scale” OR “Hemispheric
. Scale” OR “Europe” OR “Asia” OR “America” OR “Eurasia”
Geographical Scale

OR “Pan Arctic” OR “Pan-Arctic” OR “USA” OR “United States”
OR “Canada” OR “Russia” OR “Soviet Union” OR
“Soviet-Union” OR “China” OR “Tibetan Plateau” OR “Alaska”
OR “Great Plains” OR “Canadian Shield” OR “Siberia” OR
“Prairie” OR “Tundra”

“Snow Mass” OR “Snow Depth” OR “Snow Water Equivalent”
OR “SWE”

“Passive Microwave” OR “PMW” OR “AMSR-E” OR “AMSR2”
OR “SSM/T” OR “SMMR” OR “SSMIS” OR “MWRI” OR

Snow Parameters

Sensors “MWR” OR “AMR” OR “CMR” OR “AMSU” OR “JMR” OR
“MTVZA” OR “SHF” OR “TOPEX” OR “gravimetric” OR
“GRACE” OR “GRACE-FO”
Language English
Article Type Article
Impact Factor >2
Date

2000-2023
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After the manual filtering, 151 publications remained in the review pool. To ensure
the comprehensive character of the review, we conducted an additional overarching search
using the literature research tool litmaps (litmaps.com, Wellington, New Zealand). We fed
the initial search results into the litmaps algorithm, which searches for similar publications
based on connectivity (references and citations of the provided publications). With this
search, we found another 17 publications that complied with the previously defined criteria
and were added to the review pool. Furthermore, we analyzed why these publications did
not show up in the WoS search. This was mainly because the sensors were not mentioned
in either the title, abstract, or keywords, but the final product that was used (e.g., [13]),
or the article type did not match the initial search (e.g., [80]). Studies appearing in the
overarching literature search, but published in a journal with an impact factor below 2.0
were not included in the review pool (e.g., [72]).

The 168 publications that were finally deemed relevant for this review were then
studied and screened for information according to 15 categories: first author (and his/her
affiliation), year published, journal, used sensors, used products/datasets, spatial extent
and resolution, years and duration of analysis, temporal resolution, variables analyzed,
main focus, methodology, and findings. The dataset resulting from this process provided a
comprehensive picture of the ongoing research in the field of large-scale SWE monitoring,
which is presented and discussed in the next sections.

3. Results
3.1. Quantitative Analysis of Publication Metrics: Temporal Distribution, Journals,
and Author Affiliations
Research on spaceborne SWE measurement, particularly using PMW, has been ongoing
for over 40 years [68,81]. Notably, the field, as defined for this review, has experienced sig-
nificant acceleration in recent years. Figure 4 illustrates this trend, with half of the reviewed
articles published from 2016 onwards, and a notable increase since 2018 (n = 74, 45%).
Concerning first author affiliation, as shown in Table 2, most publications were pub-
lished by authors either affiliated in China (1 = 59) or the USA (n = 58), followed by Canada
(n =20). European institutions contributed 27 articles, led by authors affiliated in France
(n =10) and Finland (n = 9). Asian countries outside China contributed three articles.
Regarding publishing journals, (see Table 3), Remote Sensing of Environment (n = 31) and
Remote Sensing (n = 28) stand out as primary contributors, with over a third of the articles
published in these journals. Additionally, 18 articles were published in remote sensing-
focused journals, 36 in hydrology-focused journals, 15 in cryosphere research journals,
and 5 in climate change-focused journals. One article [13] was published in Nature.

Table 2. Number of reviewed publications by country of first author affiliation.

Country Y
China 59
USA 58
Canada 20
France 10
Finland 9
United Kingdom 5
Germany 2
Italy 2
India 1
Japan 1
South Korea 1

Total 168
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Table 3. Number of reviewed publications by publishing journal.

Journal x

Remote Sensing of Environment 31
Remote Sensing 28
Journal of Hydrometeorology 12
Cryosphere

Hydrological Processes

IEEE Transactions on Geoscience and Remote Sensing

Journal of Geophysical Research-Atmospheres

Journal of Hydrology

Water Resources Research

Annals of Glaciology

IEEE Journal of Selected Topics in Applied Earth Observation and Remote Sensing
Geophysical Research Letters

Hydrology and Earth System Sciences

Journal of Climate

International Journal of Remote Sensing

Big Earth Data

International Journal of Climatology

Other

Total 168

NN RNNDNWER OO 0 W o

Count
o0

Figure 4. Yearly distribution of the reviewed publications.

3.2. Spatial and Temporal Distribution of the Examined Studies

Figure 5 and Table 4 show which geographical regions were subject to the examined
studies. It can be seen that certain regions are examined more often than others. Such
frequently examined areas, which are not only covered as part of large-scale studies, but
examined specifically, are for instance the Great Plains in North America [73,82-87], some-
times as part of studies covering Central North America [46,75,88-92], or the USA [93-99].
Another often-applied study area is the Tibetan Plateau in Asia [100-105], also sometimes as
part of studies conducted over High-Mountain Asia (HMA) [106-109]. Also often examined
is the Mackenzie-Basin in Canada [110-114] or Northwestern China [63,115-120]. Overall,
the most often-applied study area is the Northern Hemisphere [13,44,121-145]. Other multi-
continental studies covered the entire globe [146-153], Pan-Arctic regions [62,154-165], or
Eurasia [166,167]. While one continental-scale study was conducted over Europe [168],
most of them covered North America [74,169-179]. In addition to various regional studies
in North America and Asia, one regional study in Europe (Alps) [180] and one in Green-
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land [181] and in South America (Andes) [182] also met the requirements of the review.

Number of Studies per Location
31

O »

4000 km

Figure 5. Heatmap of the reviewed continental and regional studies. Global, hemispherical, and
Arctic, as well as studies conducted on the Southern Hemisphere were excluded.

Looking at the geographical distribution of authors conducting research in different
regions (Table 4), it is evident that the majority of authors conduct studies in their home
regions. Asian-affiliated researchers primarily focus on research in Asia, while North
American-affiliated researchers predominantly concentrate on North America. However,
there are exceptions to this trend. For example, European-affiliated researchers have
conducted studies in Asia [108,109,183-186]; American-affiliated researchers have explored
regions in Asia [106,107,187-189]; Chinese researchers have examined study areas in North
America [190,191]. Affiliation at the time of publication was considered for this analysis.

With the analysis of the spatial distribution displayed in Figure 5, it also becomes
evident that some regions that have expectedly high volumes of snow [13,125,132] are
underrepresented. Such areas, for example, are Europe (n = 2) [168,180], Afghanistan
(n = 1) [187], or Central Asia (including Pakistan, Iran, Turkmenistan, Azerbaijan, Tajikistan,
Kyrgyzstan, or Kazakhstan), which, while sometimes partly covered in studies covering
the HMA (e.g., [106,107,109], also features only one dedicated study [189].
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Table 4. Crosstable with the first author affiliation on the y-axis and the location of the study area on

the x-axis.
I =
£ =
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< —_
- < ] [3] - = « ] —
g £ £ z 3 2 g L 2 g
b = @ D 5 5 o ~ 3 o] ]
z QO e 5 & = s © S £ £
33 = c ° = =
=) o A~ = 2 S < <
s & “ £ g
: 2
P4 @
Canada - 3 1 - - - - - 16 - 20
China 3 8 - 3 - 43 - 2 58
Finland - 6 2 1 - - - - - 9
France - 2 2 - - - 4 - 2 - 9
Germany - - - - - - 2 - - - 2
India - - - - - - - - 1 - 1
Ttaly 1 - - - 1 - - - - 2
Japan - - - - - - - 1 - 1
South
Korea ) ) 1 ) B ) ) B B ) 1
USA 4 6 6 - - - 5 12 24 1 56
United
King- - 3 1 - - - - - 1 - 5
dom
Total 8 28 13 2 1 1 51 12 47 1 164

Finally, Figure 6 shows the temporal coverage of the examined studies. Thereby, it
can be seen that the earliest coverage started in 1978, the year when the SMMR sensor was
launched [46,47,75,90,94,123,139,145,192,193]. Moreover, it becomes apparent that the com-
mencement of coverage frequently coincides with the launch of specific sensors. In addition
to the aforementioned SMMR in 1978 (n = 10), this mainly applies to the Special Sensor Mi-
crowave/Imager (SSM/1, n = 10) in 1987 [91,109,140,159,167,185,188,189,194-197], the Ad-
vanced Microwave Scanning Radiometer for Earth Observation (AMSR-E, n = 27) [61,82,88,
101,107,110,111,129,131,137,142,150-152,155,156,158,162,172-175,177,179,198,199], and the
Advanced Microwave Scanning Radiometer 2 (AMSR-2, n = 4) [103,126,200,201]. The av-
erage coverage duration is just under 9.5 years with the longest study covering 41 years
(1978-2019) [123], while some studies only examine a few months or one winter sea-
son [91,164,169,202-207].

3.3. Examined Topics

Analyzing the main foci of the reviewed studies and, thus, the topics that were
examined, it was found that nearly one-third of the studies (n = 53) were concerned with
some form of snow mass (SWE/SD) monitoring. Additionally, a series of publications is
concerned with methodological development such as the development of new products
(n = 12) or algorithms (n = 16), as well as the validation of those new developments and
existing methods (n = 24). Otherwise, the studies were spread over various topics in the
areas of hydrology (1 = 23), meteorology (n = 4), or biodiversity (1 = 3). An overview of
this analysis is shown in Figure 7. In this figure, the categories review (n = 2) and other
method development (n = 16) are included as well. The applied search string and the
subsequent selection of publications for this review (see Section 2) were not designed to
include review papers. However, the two reviews, featured in Figure 7, specifically focused
on the applicability of PMW for SWE in a global context [140] or available data on a global
scale [138] and were retained in the review. Publications categorized as other method
development are normally concerned with the further development and improvement of
existing methods. In doing so, they focus on a wide range of issues such as the influence of
snow characteristics [143,164], forests [171,208], weather [130], or reflectance [118] on SWE
estimation, as well as inter-calibration of sensor data [207,209].
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Figure 6. The examined time frame and geographical scale of the reviewed articles, sorted by
publication year.
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Biodiversity (3)
Meteorology (4)

SM(4)—M
Runoff/Discharge (7) ———— , —— Validation and Benchmarking (24)
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s | (3) Other(7)
nowmelt
Other Method Devel t (18
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Snow Research (66) “—Algorithm Development (16)

PProduct Development (12)
~ —  Review (2)

Snow Mass Monitoring (53)

Figure 7. Main focus of the reviewed articles.

Even though SWE monitoring enables hydrological investigations based on snow,
studies with a hydrological focus make up only about 14% (n = 23) within the reviewed stud-
ies. Within the hydrology portion of the reviewed studies, TWS studies make up the largest
portion (n = 11). These studies are all studies using GRACE/GRACE-FO data, serving one
of the main purposes of these sensors [60]. All these studies, except one [63], which uses a
neural network (NN), follow a modeling approach in the manner of Yin (2022) [67], where
multiple datasets (e.g., GRACE, reanalysis data) are fed into a model and, then, the different
TWS components such as SWE, soil moisture (SM), or ground water storage (GWS) are cal-
culated. Although the TWS studies vary in spatial and temporal coverage and study design,
they all agree on general trends, mainly on the shift to earlier snowmelt and, thus, changed
requirements for water resource management. A smaller portion of the hydrology-focused
studies (n = 7) looked at snowmelt runoff and river discharge related to SWE. There are also
three studies classified as snow research that focused on snowmelt. We distinguished these
from the hydrological studies as they did not use any kind of hydrological station data
(river discharge measurements or similar) [168,210,211]. Most of the seven hydrological
discharge studies are similarly designed, comparing SWE data with discharge data to gain
information on how SWE translates to water in a river basin [110,113,161,212,213]. There
are also exceptions such as [94], where a data-assimilation system was developed as a part
of a climate assessment, or [62], which uniquely among the reviewed studies also looked at
the contribution of SWE and snowmelt to sea level rise; however, it found no statistically
significant contribution. Generally, however, all runoff studies confirm the trends of earlier
snowmelt and the implicit alterations in peak streamflow. Other hydrological studies are
focused on SM (n = 4) [134,152,165,214]. All these studies modeled SM as part of TWS
and looked at the influence of the snowpack on SM. Besides acknowledging the general
relationship of SWE and SM, as well as the complex interactions between those parameters
and also soil temperature, the studies differ largely in design and time, hindering further
overall conclusions.

Also, one hydrological study that used SWE in connection to a drought [97] was
classified in the subcategory extremes.

Finally, there are seven studies that were not classifiable in the three large cate-
gories and, thus, classified as other. There were four studies focusing on meteorology,
among which two were focused on snowstorms [204,205], one on temperature predic-
tion [136], and one on snow precipitation as a part of TWS [215]. As the meteorological
studies vary considerably in study design, no general statements can be derived. The three
remaining studies examined biodiversity, all of them investigating the role of snow in
vegetation growth mechanisms in arctic regions [44,157,186]. All these studies found signif-
icant associations between snow parameters (such as SWE, SD, or snowmelt timing) and
vegetation activity (measured by indices like the NDVI and vegetation greenness). They
observed that variations in snow dynamics influence the timing and vigor of vegetation
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growth, suggesting that snow plays a crucial role in regulating ecosystem processes. They,
however, also agreed on the high spatial heterogeneity of these relationships and, thus, the
need for locally adapted research.

3.4. Utilized Sensors and Data

Although we used a search string to limit the sensor types to enable a targeted search,
a variety of sensors and auxiliary data were used in the examined studies. An overview
of these applied sensors and data can be found in Figures 8 (data types) and 9 (sensors).
We found that a majority of the reviewed studies employed PMW data with some kind
of land-cover data and in situ data (n = 93). In addition, there are studies that combined
PMW solely with in situ data (1 = 20) or solely with land cover data (n = 9). Counting
the studies that combine PMW with other auxiliary data (1 = 16), there are 148 studies
that employ PMW data with some kind of auxiliary data, whereas only 9 studies rely
on PMW data exclusively. Besides the three most frequently employed spaceborne data
sources (PMW, multispectral (MS), and gravimetric), there are three that employ SAR
data. Two of them used data collected by the Quick Scatterometer Mission (Seawinds)
by NASA [153,160], and one study used data collected by the synthetic aperture radar
(C-band), also known as SAR-C, by the European Space Agency (ESA) [216]. Looking at
the utilized sensors overall, the majority of the employed sensors are PMW sensors. It
also becomes evident that the most frequently employed senor is not the one that was
operational first (SMMR, 1978), but rather the SSM/I, which was launched nine years
later. At second position ranks the 2002-launched AMSR-E. The most used sensor that
is not a PMW-sensor is the Moderate-resolution Imaging Spectro-radiometer (MODIS),
which is an MS sensor launched by NASA in 2000. MODIS-derived land-cover products
were used in 30 of the reviewed studies (e.g., [137,217]). GRACE was used in 21 studies;
however, its successor mission, GRACE-FO, launched in 2018, was only used in one study
during our review period [150]. Besides the most frequently used PMV sensors (SSM/1,
AMSR-E, SMMR, SSMIS, AMSR-2), also, multiple other PMW senors were occasionally
employed. However, these data are usually used in combination with data from th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>