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thesnovw—depth-and-SWEretricvalandsmmulation—methods—In this paper. we
experiment, namely, An-Integrated Microwave Radiometry Campaign for snow (IMCS),-was-conducted

at-the- Adtay National Reference Meteorological station(ANRMS)—_in Xinjiang, China, during snow

season of 2015/2016. The campaign hosted a dual polarized microwave radiometer operating at L, K and

>

present a comprehensive

Ka bands to provide minutely passive microwave observations of snow cover at a fixed site, along with

daily manual snow pit observation of snow physical parametersmeasurements, automatic observation of

ten-minute 4-component radiation and layered snow temperatures, and meteorological observation of

hourly weather data and soil dataten-min
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China—To the best of our knowledge, ourFhe dataset is unique in providing continuous daily snow pits

data and coincident microwave brightness temperatures, radiation and meteorological data, at a fixed site

over a full season—, which can be straightforwardly used for Fhe-datasetis—expeeted-to—serve—the

evaluation and development of microwave radiative transfer models and snow process models-, along

for land surface process and hydrology models. The consolidated data are available at
http://data.tpdc.ac.cn/zh-hans/data/df1b5edb-daf7-421{-b326-cdb278547eb5/ (doi:
10.11888/Snow.tpdc.270886) (Dai, 2020).

Key words: Snow, Microwave radiometry, Snow pit, Experiment

1 Introduction

conducted_to obtain the —en-clectromagnetic and physical characteristics measurement of snow cover.

The_mainse experiments/campaigns are summarized in table 1. The Cold Land Processes Field
Experiment (CLPX) (https://nsidc.org/data/clpx/index.html), one of the most well-known experiments,
was carried out from winter of 2002 to spring of 2003 in Colorado, USA (Cline et al., 2003). During the
campaign, snow pits were collected-inFEebruary-and-March-ef2002-and2003 to coincide with airborne
and ground remote sensing observations. In 2017, NASA SnowEx campaign
(https://nsidc.org/data/snowex) was conducted in—264+7—in CelaradeColorado to test and develop

algorithms for measurement of SWE in forested and non-forested areas by providing multi-sensor

observations of seasonally snow-covered landscapes (Brucker et al., 2017). The campaign is still ongoing
and will be conducted in other areas with different snow conditions. In northern Canada, mobile sled-
mounted microwave radiometers were deployed in forest, open and lake environments from November
2009 to April 2010 and snow characteristics within the footprints of radiometers were measured to
improve the understanding of the influence of snow characteristics on brightness temperatures (Derksen
etal., 2012; Roy et al., 2013). These aforementioned microwave experiments were-ofmebie-observation-

The observations-were conducted at different Fn-these-experiments;-there-were-multiple-observation-sites
2
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for different land cover, resulting in good representativity for evaluating snow microwave emission

model (Tedesco and Kim, 2006; Royer et al., 2017), however, with relative short temporal range, while

dense temporal resolution is important to reveal the evolution of snow characteristicsbutrelative-short

In the Arctic region, the Nordic Snow Radar Experiment (NoSREX) campaign was conducted at a

fixed field of the Arctic boreal forest area in Sodankylé, Finland, during 2009 ~ 2013 (Lemmetyinen et

al., 2016). Theis experiment provided a_—continuous time series of active and passive microwave

observations of snow cover at-a-representative-location-of the Aretic- boreal-forestarea-spanning an entire
winter season, with synchronous observations of-and-matehed snow pit ebservations-were-made-weekly.

In Asia, an experiment of radiation budget over snow cover (JERBES) was conducted in Japan. In the

experiment, snow pit work at 3 or 4 day intervals was conducted simultaneously with radiation budget
observations during winter of 1999/2000 and 2000/2001 to analyze the effects of snow physical
parameters on albedo (Aoki et al., 2003). The NoSREx and JERBES Japan-radiation-experiments, were
for fixed field observation, whieh-provided tengerimproved time series of data than CLPX and SnowEx.
i t wWeekly observation could reflect
general evolution process of snow characteristics but might miss some key details that occur at sub-
weekly scales. In the Tibetan plateau with shallow snow cover, multiple years of microwave radiometry
observation at L band were conducted to study passive microwave remote sensing of frozen soil (Zheng
et al., 2019;—_and 2021a-and; Zhang et al., 2021b). However, in the long--term series of experiment, no
snow pit was measured and the microwave radiometry observation was performed at L band which is

insensitive to snowpack.

Table 1. Summary of existing experiments for microwave and optical radiation and physical features of

snowpack

Campaign Location Temporal range  Observation content

CLPX Different sites in February and Inconsecutive multiple sensor observation,

Colorado, March of 2002 including microwave radiometry over snow, and
and 2003 and-matehedsynchronous snow pit measurements

were-conducted-at different sites with short
temporal range—

SnowEx-year Grand Mesa, and February of Inconsecutive multiple sensor observation,

1 Senator Beck Basin, 2017 including microwave radiometry over snow, and

Colorado

ratehed-synchronous snow pit measurements
were-conducted-at different sites with short

temporal range-

CMRES! Mobile observation at  November of Mobile microwave radiometry and snow pit
Forest, open and lake ~ 2009-April of observation within footprint of radiometer. Short
in the northern 2010 temporal range and inconsecutive observation

Canadian region
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NOoSREX Fixed site in Snow season Consecutive microwave radiometry and SAR

Sodankyld, Finland during 2009- observation over snow, and weekly snow pit

2013 measurement

JERBS? Fixed site in Japan Snow season Consecutive optical radiation observation over
during 1999- snow and consecutive snow pit measurement at 3
2000 or 4-day interval-

IMCS_ Fixed site in China November of Consecutive microwave radiometry and optical

(Presented in 2015-March of radiation observation, and consecutive daily snow

this work 2016 pit measurements:

Note: 'CMRES: Microwave radiometry experiment on snow cover conducted in northern Canada

To understand the evolution of snow characteristics and their influence on passive microwave
brightness temperatures and radiation budget, an integrated field experiment on snowpack was conducted
during a full snow season, in Altay, China. The experiment was designed to cover periods from snow-
free conditions to eventual snow melt-off during 2015/2016. The microwave radiometry measurements
at L, K and Ka bands for multiple angles were complemented by a dual-polarized microwave radiometer
with 4-component radiation and daily in situ observations of snow, soil and atmospheric properties, using

both manual and automated methods. To the best of our knowledge, our dataset is unique in providing

continuous daily snow pit observations over a full snow season at a fixed site, along with synchronous
microwave brightness temperatures, radiation and meteorological data. The dataset —efelectromagnetie
and-physical parameters-wereis —further-consolidated and organized, which can be-te-be easily read-and

utilizedused for other researchers with interests.

section, the experiment location, parameters, and parameter measurement protocols are described:—.

seetion-Section 3 introduces the consolidated data which was released at the National Tibetan Plateau
Data Center, China:-. seetion-Section 4 presents content of brightness temperature, 4-component radiation,
snow pit data, soil temperature and moisture, and meteorological data:-. seetien-Section 5 discusses the

possible applications and uncertainties:-. and-fFinally the conclusions are summarized in section 6.

2 Description of experiment setup

2.1 Measurement location

The Integrated Microwave Radiometry Campaign for snow (IMCS) was performed during the
2015/2016 snow season (from November 27, 2015 to March 25, 2016) at the Altay National Reference
Meteorological station (ANRMS) (N47°44°26.58”, E 88°4°21.55”), which is approximately 6 km from
the foot of Altay mountain in the northwest China (Figure 1). Altay mountain with elevation up to 3000
m, running northwest and southeast, is at the junction of China, Russia, Mongolia and Kazakhstan, and
providesing snow water resources for these four countries. The average annual maximum snow depth

measured in this station is approximately 40 cm, with a maximum over 70 cm. In the southwest of Altay

4
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mountain, crop land and desert with flat terrain are the dominant land covers. Snow cover is critical fresh
water for the irrigation in this area. In this experiment, measurements included microwave radiometry,
4-component radiation, snow pit and soil parameters. The test sites of this experiment was-were four
neighboring bare rectangle fields in the ANRMS with areas of 2500_m? (black rectangle filed in Figure
1), 2500 m? (pink rectangle field in Figure 1), 200 m? (red rectangle field in Figure 1) and 400 m? (blue
rectangle field in Figure 1), respectively.

In the pink field, the ground-based microwave radiometer was set up in the middle of the field,
facing south to collect brightness temperatures ef-over snow cover. The black field behind the microwave
radiometers (north of the radiometers) was for manual snow pit data collection. The microwave
radiometer observations and snow pit data collections were conducted by Northwest Institute of Eco-
Environment and Resources, Chinese Academy of Science (NIEER) from November 27, 2015 to March
25,2016 (snow free aAfter March 25, 2016;snow-melted-out).

The blue field was for meteorological measurements including wind speed, wind direction, air
temperature, air wetness, air pressure, precipitation, soil temperature, soil moisture among others. These
parameters were automatically obtained from instruments, and the instruments setup and data collection
were operated by ANRMS.

this experiment, we requested the wind, air pressure, air wetness, air pressure, soil temperature and

moisture data during this experiment from ANRMS. The red field was designed for automatic
measurement of layered snow temperatures, snow density, SWE, snow depth, and albedo-, with These
automatic—measurement-instruments were—installed—and-maintainedoperated by NIEER;—and-started
working-frem since 2013. However, during the experiment, the instruments for snow density and SWE

did-net-werkwere not functional, and we only collected layered snow temperatures and 4-component

radiation.

Because Beeause-tthe four observation fields-are-, located within the domain of the station, are-and
the-distance-between-them-are with distance less than 100 m, it is reasonable to assume that the snow
characteristics and soil and weather conditions are theught-te-be-the-sameconsistent among these four

fields. Overathb—the—experment—performed—a—systeme observation—eoverie—cleetromagne and
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Figure 1:-. Location of the Altay National Reference Meteorological station (ANRMS) in Asia, along with and
the—distribution—ofthe three—four test sitesexperimentfields in the ANRMS. The black rectangle field

(approximately 40 m x 50 m) represer

includingwas for snow layering, layer thickness, snow density, snow grain size and shape of each layer. The
pink rectangle (approximately 60 m x 50 m) was for;-and microwave radiometers (appreximately-60-m-x-50

m)-observations. The blue rectangle field is-wasthefield—_for meteorological and soil data collection operated

by the ANRMS. The red rectangle field-wasis for the automatically observation of the snow temperature, and
4-component radiation, designed by Northwest Institute of Eco-Environment and Resources, Chinese

Academy of Science (NIEER).

2.2 Measurement methods

The microwave signatures from snowpack vary with snow characteristics, soil and weather
conditions. In this experiment, the measurements include microwave radiometry observation to collect
brightness temperature, manual snow pit observation to collect snow physical parameters, automatic
observation to collect 4-component radiation and snow temperatures, and meteorological observation
whieh-eontainscontaining weather data and soil data.

2.2.1. Microwave radiometry

The brightness temperatures at 1.4 GHz, 18.6 GHz, and 36.5 GHz for both polarization (Tblh, Tb1v,
Tb18h, Tb18v, Tb36h, Tb36v) were automatically collected using a six-channel dual polarized
microwave radiometer RPG-6CH-DP (Radiometer Physics GmbH, Germany,

https://www.radiometerphysics.de/products/microwave-remote-sensing-instruments/radiometers/). The

6
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technical specifications of the RPG-6CH-DP are described in Table 2. The RPG-6CH-DP contains a

built-in temperature sensor which-eanused for measureing air temperature. The automated data collection

frequency was set to 1 minute.

Table 2. Technical Specifications of the RPG-6CH -DP Microwave Radiometer.

Parameter Value
Manufacturer Radiometer Physics GmbH
System noise temperatures <900 K
Bandwidth 400MHz (20MHz for 1.4 GHz)
System stability 05K
Dynamic range 0~400 K
Frequencies (GHz) 1.4,18.7,36.5
Polarizations V,H

Internal Dicke switch and software control for
Internal calibration ) . o
automatic sky tilt calibration
<0.015K
<-30dBc

6.1° (11° for 1.4 GHz)

Receiver and antenna thermal stabilization
Antenna sidelobe level
Optical resolution (HPBW)
Incidence angle 0~90°

Azimuth angle 360°

Before the snow season, a platform with height of 5 m, length of 4 m and width of 2 m was
constructed in the experiment field (Figure 2). A 4-m orbit was fixed on the platform. The RPG-6CH-DP
was set up on the orbit and could be moved along the orbit. The microwave radiometers at K and Ka
bands began working from November 27, 2015, but-while the L band radiometer did-netbegan working
since wati-January 30, 2016._These radiometers were sky tipping calibrated, and-the-ealibrationwith
accuracy is-of 1 K. In clear sky conditions, the sky brightness temperatures were approximately 29.7+0.3
K at 18.7 GHz fer-beth-pelarizatiens-and 29.3+0.9 K at 36.5 GHz for both polarizations. BatWhile the
sky brightness temperatures at L band showed large fluctuation. They ranged from -1 to 8 K for horizontal
polarization, and 1 to 16 K for vertical polarization.

Generally, the radiometers were fixed in the middle of the orbit to observe snow cover with incidence
angle of 50°. Multi-angle observations were conducted after every big snowfall, orand every 5 days in
the stable period. In the melt period, observation frequency increased. There are total seventeen multi-
angle observation fon December 3, 19, and 30; January 3, 8, 13, 18, 3, and 28; February 3; March 3, 10,
15, 22, 26, 28, and 31,) when the radiometer was set to scan the ground at different incidence angles at
two—ends—and-the—middlethe left, middle and right of the orbit-andthe-middleplace—of theorbit,
respectively. Although the view fields of the antennas for 1.4 GHz, 18.7 GHz and 36.5 GHz did not

completely overlap, the measured results showed that the brightness temperatures observed—bsy
radiometers at the left, middle and right of the orbit varied less-thanwithin 1 K. Therefore, the snow and

soil eharaeteristies-conditions were considered homogeneous within the view fields of the three antennas.
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Figure 2. Ground-based microwave radiometer observation_system.

2.2.2 Snow pit measurement

The snow characteristics—

including snow layering, snow layer thickness, grain size, snow density, and snow temperature, were

collected by manual snow pit measurements in the black fields. These data were daily collected during

8:00-10:00 am local time, from November 27, 2015 to March 25, 2016, except 7 days (please see Table

3). Although the snow temperatures were manually measured at snow pits, the automatically collected

snow temperatures in the red field were utilized in this study, because the temperature measured at snow

pits could not reflect the natural temperature profile when the snow pits exposed to air.

Table 3. Variables collected by manual daily snow pit measurement in black field in figure 1, and-along with

their observation instruments, observation time and frequencies.

. Observati
Layering .
Parameter Instruments Precision ol ontime or Absent date
style
frequency
Layer thickness Natural
Ruler 0.1cm . no
(cm) layering )
) local time
. Snow tube (Chinese
Snow density ) pressure:0. 1g/cm?, Whole 8:00-
Meteorological no
(g/cm?) o ) snow depth: 0.1 cm snowpack 10:00 am
Administration)
Snow density weight: 0.01g, Every 10 January 2-
Snow shovel (NIEER)
(g/cm3) volume: 1cm? cm 3, 2016;
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February

Snow density Snow fork (Toikka
o 0.0001g/cm? Every 5cm 20 2016
(g9/cmd) and Enginnering Ltd.) !
Liquid water
Snow fork 0.001% Every 5cm
content (%)
Snow grain size Natural December
Anyty V500IR/UV 0.001mm .
(mm) layering 24,31,
2015;
January 1-
. Natural
Snow grain shape Shape card N/A . 3, 23, 2016,
layering
February
20, 2016

The first step of snow pit measurement is making a snow pit. In the black field, a new snow pit was

dug each day using —Aa spade-wasused-te-exeavate-snowpit. The length-of the-snow pit prefile-was

approximately 2 m x Im to make sure all parameters could bewere measured from unbroken snowpack.
Fhe-width-of the snewpit-was-appreximately+-m—The snow pit section was made as flat as possible
using a flat shovel or ruler. When the snow profile is exposed to air for a long time, the snow
characteristics will be influenced by environment and will be different from the natural snow
characteristics. In order to make sure every observation conducted on natural snow pit, the snow pit was
backfilled with the shoveled snow after finishing all observations, and the new snow pit in the following
day was made at least 1-m distance away from the last-latest snow pit. After finishing a snow pit, the
natural snowpack stratification was then visually determined, and the thickness of each layer was
rreastured-usingrecorded against a ruler.

The third-next step was measuring grain size and shape type in each layer. The grain size and type
within each natural layer were estimated visually fresm-using a microscope with an “Anyty V500IR/UV”
camera (Figure 3a). A-The software “VIEWTER Plus” matched the microscope was used to measure
grain size. The grain type was determined based on Fierz et al. (2009). In this experiment, we utilized
the length of longest axes and the length of shortest axes to describe grain size (Figure 3b). When using
the software to measure the grain size, a reference must be needed. In this experiment, a ruler with-marked
0.5 mm marking-was used as a reference (Figure 3c). We adjusted the focus of the camera to make sure
the grains at the clearest status in camera to take photos, and the photo of ruler scale was taken at the
same focus. If the thickness of one layer was less than 10 cm, measurements were performed at the top
and bottom of the layer, respectively. If the thickness was greater than 10 cm, measurements were

performed at the top, middle, and bottom of the layer, respectively. For each layer, at least 5 photos were

taken, and_the longest axes length and the shortest axes length of at least 10 typical grains were ehosen
to-measure-recordedthelonge es-length-and-the shorte ength-inthe photos-of cach-layer. Each

+tThe final grain size was the average of

these-values_10-group recorded values. Figure A1 presents an example of the original photos of grains in

each layer, and Table A1 shows the matched record of longest and shortest axis length.
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Figure 3+-. (a) Picture of microscope “Anyty VS00IR/UV”(a), (b) the measured longest axes lengths and
shorteast axes length of particles-(b), and_(c) the reference ruler scale-(e).

Snow density was measured using three instruments: snow tube, snow shovel and Saew-snow Ferk
fork (Figure 4). The snow tube instrument, designed by Chinese Meteorological administration, contains
a metal tube with the base area of 100 cm? and the length of 60 cm, and a balance (figure 4a). It was
utilized to measure the snow density of a whole snowpack by weighing the snow sample. The snow
shovel is a 1500 cm® wedge-type sampler, and its length, width and height are 20 cm, 15 cm, and 10 cm,
respectively (figure 4b). It was utilized to measure snow density every 10 cm (0-10 cm, 10-20 cm, 20-

30 cm...). The Snew-snow Ferk-fork (figure 4c) is a microwave resonator that measures the complex

dielectric constant of snow, and adopts a semi-empirical equation to estimate snow density and liquid
water content based on the complex dielectric. The-Snow-Ferklt (figure-4e)-was utilized to measure snow
density and liquid water content at 5S-cm intervals starting 5 cm above the snow/soil interface (5cm, 10cm,
15 ¢cm, 20cm...). In order to decrease the observation error, every measurement was-conduetedrepeated
three times. If there is-was an abnormal value, the-a fourth measurement would be performed to make
sureensure the accuracy. Table A2 is an example record table for snow density. The average value of the

three-time observation was the final value.

it 4 1) el
VTN Y i

0

) A

(a) (b) (c)

Figure 4:-. Three instruments for snow density:_(a) Snow tube-(a), (b) Snow shovel-(b), and (c) Snow Ferk
fork¢e).

2.2.3 Automatic radiation and temperature measurement
In the red field, the 4-component radiation was automatically measured by Component Net
Radiometer (NRO1) manufactured by Hukseflux, and layered snow temperatures was measured by

Campbell 109S temperature sensors, respectively. The temperature sensors were set up on a vertical pele

10
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whiehpole —was-vertically-inserted in the-soil (Figure 5). The heights-ofthe-sensors’ heights are 0 cm, 5
cm, 10 cm, 15 cm, 25 ¢cm, 35 cm, 45 cm, and 55 cm above soil/snow interface, and temperatures were

collected-data—Thesnow-temperatures-at-these-heights-were-collected every ten minute.

The NRO1 net radiometer was set up to measure the energy balance between incoming short-wave

and long-wave far infrared radiation versus surface-reflected short-wave and outgoing long-wave
radiation. The range of short wave is 285~3000nm, and the range of long wave is 4.5~40 um. The 4-
component radiation was automatically recorded every ten minutes. In addition, the sensor is-was
equipped with a Pt100 temperature sensor for parallel recording of the sensor temperature.

Figure 5:-. Set up of temperature sensors and CNRO1 in the red field.

2.2.4 Meteorological observation

The meteorological data include air temperature, air pressure and humidity, wind speed, soil
temperature at -5_cm, -10 cm, -15_cm and -20 cm, and soil moisture at -10 cm and -20 cm. These
parameters are routine observations conducted at ANRMS;—and-were-obtained-through—request-from
ANRMS. The instruments used for soil and weather parameters observations are produced by China
Huayun Meteorological Technology Group eerporationCorporation. The measurement parameters and
their measurement instruments are listed in table 4.

Table 4. Automatically observed variables and the observation instruments, observation time and

frequencies.
Observation
Parameter Instruments Precision Layering style time or
frequency
0.001°C 0Ocm,5cm, 10
Snow Temperature sensors cm, 15 cm, 25 .
temperature(°C) (Campbell 109S) cm, 35 cm, 45 Ten-minute
cm, and 55 cm

11



Component Net 0.001 W/m?

4-component . 6 feets above .
o Radiometer NR0O1 Ten-minute
radiation (W/m?) ground
(Hukseflux)
Soil temperature Soil temperature sensor 0.1°C -5cm, -10 cm, - Hourl
our
(°C) (China Huayun) 15cm and -20 cm y
) . Soil moisture sensor 0.1% -10 cm and -20
Soil moisture (%) . Hourly
(DZN3, China Huayun) cm
Air temperature Thermometer screen 0.1°C 6 feet above Hourl
our
(°C) (China Huayun) ground y
. Thermometer screen 0.1 hPa 6 feet above
Air pressure (hPa) . Hourly
(China Huayun) ground
. o Thermometer 1% 6 feet above
Air humidity (%) . Hourly
screen(China Huayun) ground
) Wind sensor(China 0.1m/s 10 m above
Wind speed (m/s) Hourly
Huayun) ground
304
305 The air temperature, pressure and humidity were collected using temperature and wetness sensor in

306  thermometer screen.; Tthe wind speed and direction were measured using wind sensor set up at 10 m on
307  a tower. Soil moisture and temperature were automatically measured using moisture sensor and
308  temperature sensor. Figure 6 depicts the instruments for these observations.

309 - e Ml R _ ]
310 (@) (b) (c) (d)

311 Figure 6:-._Instruments for observation of (a) air temperature and wetness—{&), (b)wind speed—(b}, (c) soil
312 temperature {¢}-and_(d) soil moisture-(¢).

313 3 Description of consolidated IMCS dataset

314 The microwave brightness temperature, snow parameters, meteorological data were recorded in
315 different formats, and their observation frequencies and times were different. These data must be
316  reorganized and consolidated for ease of use. The values from the three-time measurements for snow
317  density in each layer were averaged to obtain the final snow density. The length of the longest and shortest
318  axes of particles in each photo were measured using the software. The average lengths of longest and
319 shortest axes from all photos in each layer were obtained as the final grain size. The daily snow pit data

320  were finally consolidated into a NetCDF file “snow pit data.nc”.

12



321

The time series of automated layered snow temperature and 4-component radiation data were firstly

322  processed with-by removal of abnormal values and gap fill, and then were-consolidated into a NetCDF
323 file “ten-minute 4 component radiation and snow temperature.nc”. The ground-based brightness
324 temperatures and the formatted weather and soil data requested from ANRMS were provided ‘as is’.
325  Brightness temperature data were divided into time series of brightness temperature and multi-angle
|326 brightness temperatures, and separately stored in two NetCDF files;-. and+The weather and soil data were
327 consolidated into a NetCDF file “hourly meteorological and soil data.nc”. Table 3 describes the contents
328  of'the provided dataset.
329 1) Brightness temperatures data:
330 +Minutely brightness temperature at 1.4 GHz, 18 GHz and 36 GHz for both polarizations at
331  incidence angle of 50°. This data include date-time, incidence angle, azimuth angle, and brightness
332  temperatures at the three bands for both polarizations.
333 2-Seventeen groups of calibrated brightness temperature at 1.4 GHz, 18.7 GHz and 36.5 GHz for
334 both polarizations at different incidence angles (30, 35, 40, 45, 50, 55, 60°). This data include datetime,
335 incidence angles, azimuth angle, and brightness temperatures at the three bands for both polarizations.
336  2) Manual snow pit data:
337 Daily snow pit data include date, snow depth, layered snow thickness, average longest axis, average
338 shortest axis, grain shapes of each layer; layered snow density using snow fork (snow density at different
339 heights, such as SF_Scm, SF_10cm, SF_15c¢m), snow density using snow tube, layered snow density
340 using snow shovel (such as SS_0-10cm, SS _10-20cm, SS 20-30cm, SS _30-40cm).
341 3) Automated snow temperature and radiation data
342 Ten-minute 4-component radiation and snow temperature data include date—time, short-wave
343 incident radiation, short-wave reflected radiation, long-wave infrared incident radiation, long-wave
344 infrared reflected radiation, sensor temperature, and snow temperatures at different heights (such as
345 ST Ocm, ST 5cm)
346  4) Meteorological and soil data:
|347 Hourly weather data include date;-heurtime, air temperature, pressure, humidity, wind speed, soil
348 temperature at 5 cm, 10 cm, 15 ¢cm and 20 c¢cm, and soil moisture at 10 cm and 20 cm.
349
|350 Table 3. Description of consolidated data
Data Content File name Variables
Brightness Time (yyyy-mm-dd hh:mm:ss¥ear-menth;-day;-hour—
TBdata.nc minute-second), Thlh, Thlv, Th18h, Th18v, Th36h, Th36v,
Brightness temperature incidence angle, azimuth angle
temperature Multi-angle Time (yyyy-mm-dd hh:mm:ss) ¥ear-menth-day;-hour—
brightness TBdata-multiangle.nc  minutersecond, Thlh, Thlv, Th18h, Th18v, Thb36h, Th36v,
temperatures incidence angle, azimuth angle
Time (yyyy-mm-dd¥ear-month-day), snow depth, thl, Lgl,
Layer thickness, Sgl, th2, Lg2, Sg2,th3, Lg3, Sg3, th4, Lg4, Sg4, th5, Lg5,
Manual snow layered grain . ) Sgb, th6, Lg6, Sg6, Stube, SS_0-10, SS_10-20, SS_20-30,
) ) Daily snow pit data.nc
pit data size and shape, SS_30-40, SS_40-50, SF_5, SF_10, SF_15, SF_20, SF_25,

snow density

SF_30, SF_35, SF_40, SF_45, SF_50, shapel, shape2,
shape3, shape4, shape5, shape5
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Automated Ten-minute 4 Time (yyyy-mm-dd hh:mm)¥ear-meonth-day-hour-minute,

4-component

snow o component radiation SR_DOWN, SR_UP, LR_DOWN, LR_UP, T_Sensor,
radiation, snow
temperature and and snow ST _Ocm, ST_5cm, ST_15cm, ST_25cm, ST_35cm,
o temperature
radiation data temperature.nc ST _45cm, ST_55cm
meteorological . ) )
. . . Time (yyyy-mm-dd hh)¥ear-menth-day-hour, Tair, Wair,
Meteorological ~ data, soil Hourly meteorological ] ) ) )
. . . Pair, Win, SM_10cm, SM_20cm, Tsoil_5cm, Tsoil_10cm,
and soil data moisture and and soil data.nc
Tsoil_15 cm, Tsoil_20cm
temperature
351 Note: th: snow thickness, Lg: long axis, Sg: short axis, shape: grain shape;
352 Stube: snow density observed using snow tube, SS: snow density observed using snow shovel, SF: snow density
353 observed using snow fork; ST: snow temperature; SR_DOWN: downward short-wave radiation, SR_UP: upward
354 short-wave radiation, LR_DOWN, downward long-wave radiation, LR_UP: upward long-wave radiation, T_sensor:
355 sensor temperature; Tair: air temperature, Wair: air wetness, Pair: air pressure, Win: wind speed.
356 4 Overview and preliminary analysis of collected data from IMCS
357 4.1 Snow characteristics
358  4.1.1 Layering grain size and grain shape
359 During 2015/2016, snow cover began on 25-November 25, £2015, and ended on March 25, ef
360  2016. During this snow season, there were seven snowfall events and each formed a distinct snow layer
361 except for the third event whose layering beeame-was indistinguishable from the second layer (Figure 7
362 gray). The fourth event was the biggest;-. After, after-which-timethe snow depth started to decrease and
363  the snow density increased. Snow cover began melting on March 14 and snew-depth—declinedte
364 zerodisappearedended within 10 days.
365 Grain sizes within all layers increased during the snow season, except in the bottom layer where
366  grain size experienced a decrease from December 28 to January 20 (Figure 8). In the vertical profile,
367 grain size increased from top to bottom with the snow age. The grain size of the fresh snow was
368 approximately 0.3 mm during the experiment. The biggest long and short axis, occurring in Layer 1-i#
369 during the melt period, were up to 6 cm and 4 cm, respectively,and-oeceurredintayerin-duringthe
370 melt-period. The length of short axes is approximately 0.7 of the length of long axes. The grain shape
371 generally developed from rounded grains to facet crystals, and then to depth hoar. After March 13, 2016,
372  the minimum air temperature increased to above 0°C, srewpaekmeltsnowmelt accelerated, and the grain
373 shape developed to melted forms (Figure 7).
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382  4.1.2 Snow density
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Snow densityies measured by three different instruments shows that the density of fresh snow
ranged between 0.05~1.0 g/cm? (Figure 9). The snow densities increased with snow age, and remained
stable after reaching ~0.2-0.25_g/cm®. From March 14 on, snow densities abruptly increased, and-with
the maximum value reached-was-over 0.45 g/cm’. In the vertical profile, snow density increased from

top to bottom in the accumulation phase. However,;-but after January 3, 2016, snow densities in the

middle layers were larger than those in the bottom and upper layers due to the well-developed depth hoar
of bottom layer. In the melting phase, there were no significant diffferent for the snow densities in all
layers-showed-little-differenee. Snow fork provided most detail snow density profile, but #-systematically

underestimated snow density compared with snow tube and snow shovel by 24% (Dai et al., 2022).
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395 Figure 9:-. Daily variation in snow densities measured using three different measurement methods from

396 November 27, 2015 to March 25, 2016.: (a) overall snow density measured using snow tube, (b) snow density

397 at 10-cm interval using snow shovel, and (c) snow density at S-cm interval using snow fork.

398

399  4.1.3 Snow temperature

400 The diurnal range of snow temperature decreased from top to bottom layers. As-and-as the snow

401  depth increased, there were more layers with small diurnal variations (Figure 10). Snow temperature at

402 0 cm (snow/soil interface temperature) showed httle—no significant diurnal variation, remaining at
403 approximately -2.0 to 0.7_°C. Snow temperature in the top layer had the largest diurnal variation. Fhe
404 i i

405 : : aHens =
406  were over 0°C, which-meansimplying tha t snow cover did not refreeze anymore.

~After March 17, 2016, the snow temperature of all layers
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Figure 10:-. Minutely variation in layered-snow temperatures at 0 cm (snow/soil interface), 5 cm, 15 cm, 25

cm, 35 cm, 45 cm and 55 cm above ground during experiment time-period

4.2 Soil temperature and moisture

The soil temperature at 5 and 10 cm remained stable and below 0 °C during the snow season but
presented large fluctuation before (after) snow on (off) (Figure 11). The temperature difference between
5 cm and 10 cm was much larger before snow cover onset than during snow cover period. The soil
moistures at 10 cm were above 10% before snow cover onset and after snow off, --and-tThere were two

soil moisture peaks within the snow cover period, one from December 12-14 and anether-the other from

January 1- 20;-within-the-snow-coverperiod.
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Figure 11:-. (a) Hourly soil temperature at 5 cm, 10 cm, 15 cm and 20 cm below the snow/soil interface (a),

and (b) soil moisture at 10 cm and 20 cm below the snow/soil interface-(bh).

4.3 Brightness temperature

The microwave brightness temperatures varied with snow-and, soil-charaeteristies, and weather
conditions. Figure 12 shows the daily brightness temperatures, brightness temperature difference
between 18 and 36 GHz, and snow depth at 1:00 am local time. Figure 13 shows the hourly variation in
brightness temperatures at 1.4 GHz, 18.7 GHz and 36.5 GHz and air temperature after February 1. Data
show that Tb36h and Tb36v decreased during the full snow season, Tb18h shews-exhibited an obvious
decline after February 18, and Tb18v after March 3 (Figure 12). After January 4, though snow depth
stopped increasing, but-the brightness temperature continued to decrease and brightness temperature

difference increased. Based on Figure 8, snow density became stable es-after January 15. Therefore, after

January 4, the decreasing brightness temperatures was mainly caused by growing grain size. The

variation of L band mainly relies on soil moisture and soil temperature change. We have soil temperatures
18
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at 0 cm, 5 cm and 10 cm and soil moisture at 10 cm. However, the L band reflects the soil moisture within

5 cm which was absent in this experiment.

After February 25, brightness temperature exhibited a distinct cycle of daytime increase and
nighttime decrease (Figure 13), resulting from large liquid water content caused by high daytime air
temperature (above 0 °C) and the melted snowpack refreezing at nighttime. After March 14, there was
another big rise in air temperature and even the nighttime air temperatures were above 0°C. During this
period of accelerated snowmelt, as the liquid water within the snowpack did not refreeze completely at
night, and-both the-brightness temperatures at three bands and brightness temperature difference

exhibited irregular behavior.
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Figure 12:-, Daily variations in brightness temperatures at 1.4 GHz, 18 GHz and 36 GHz, for horizontal
(Tb1h, Tb18h, Tb36h) and vertical polarizations (Tb1v, Tb18v, Tb36v), and-the differences between Tbh18h
and Tb36h (Tb18h - Tb36h), and between Tb18v and Tb36v (Tb18v - Tbh36v), at 1:00 am (local time), from
November 27, 2015 to March 26, 2016. (a)_for horizontal polarization, and (b) for vertical polarization.
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Figure 13. Hourly variation in (a)Tb1h, Tb18h, Tb36h, Tb1v, Tb18v, and Tb36v-(a),_ and (b) air
temperature, soil moisture at 10 cm and soil temperature at 5 cm, and daily variation in snow depth-(b),

from February 1 to March 28, 2016.

The brightness temperatures at 18.6-7 and 36.5 GHz from AMSR-2 and at 1.4 GHz from SMAP
were_—compared with the ground-based observations at the overpass time (Figure 14). Although there
were large differences between satellite and ground-based observations, the general temporal patterns

are-were the same;same. Specifically,-even the abrupt changes at 18.7 and 36.5 GHz between-on March

3 and March 4-16 is-were captured by both satellites and ground-based sensors. Brightness temperatures
at 1.4 GHz from both SMAP and ground microwave radiometer kept stable before March 16, after when

brightness temperature rapidly decreased because of the increase of Heguid watereententsoil moisture.

The correlation coefficients at both polarizations were approximately 0.96, 0.7 and 0.88 for 36.5 GHz,
18.6-7 GHz and 1.4 GHz, respectively. Satellite observed brightness temperature presented less decrease
trend than ground-based observation.; and-+tThe difference at 36.5 GHz is larger than those at 18.6-7 and
1.4 GHz. Bsigh aturesath R-SMAR-an i i

Liguid-watereentent=The difference between ground-based and satellite observation might be attributed
to the different-different field of viewingareas.
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Figure 14:—. Comparison of brightness temperature between ground-based_(o) and satellite-based

observations (s:satelite;-o:-observation), (a) for 36 GHz, (b) for 18 GHz, and (c) for 1.4 GHz.

4.4 4-component Radiation

The land surface albedo is strongly related to the land cover. In this experiment, the downward
short-wave radiation presented general increase after January, and-while the trend became distinctive
after February (Figure 15). The upward short-wave radiation abruptly increased when the ground was

covered by snow (after November 21), and sharply declined on the snow off day (March 25). From the
21
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first snowfall by the end of January, the ratios between upward and downward short-wave radiation were

approximately 95%. The ratio decreased with snow age, and in the end of snow season, the ratios
decreased to approximately below-5025% on snow off day-beeause-efinereasing melted-water.
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Figure 15:-. Minutely variation in 4-component radiation and daily variation in snow depth at Altay station

from November 3, 2015 to April 15, 2016.

5 Discussion

5.1 Applications
Adthough-theOur dataset is, though—just for one snow season-ebservation, the-provides daily snow
pit observations with coincident microwave and optical radiation data, including comprehensive and i

a—full snew-seasonprovide-the-mest-detailed variation-ofsnow parameters, which-allowing researchers
to find more details in snow characteristics and their relationship with remote sensing signatures. The

dataset also fills the snow observation gap in mid-low snow depth area with relative short snow cover
duration.

The snow pit data and microwave brightness temperatures have proven useful for evaluating and
updating a microwave emission transfer model of snowpack (Dai et al., 2022). This dataset reflected the
a general fact that brightness temperature at higher frequencies presented stronger volume scattering of
snow grains, and were more sensitive to snow characteristics. This experiment revealed that the dominant
control for the variation of brightness temperature was the variation of grain size but not the-snow depth
or SWE. In the stable period i brightness
temperature difference between 18.7 and 36.5 GHz_—inthecondition-ofdrysnowpackDueto-the growth
of grain-size,the-maximum difference-oececurred-bwas-inereasingincreased with growing grain size in the
condition of dry snowpackefere-meltingforstable snew-eover. Therefore, the daily snow depth variations
curve derived from passive microwave remote sensing datasets tend to exhibit a temporal offset from

those of in situ observation.

During the snow season, brightness temperatures for both polarizations presented similar variation
trendss, but-theythough behaved-behaving different in semetime periodsfluctuation. The horizontal
polarization was more sensitive to environment and was less stable than vertical polarization. Besides,
the polarization difference at 18.7 GHz and 36.5 GHz showed increase and decrease trends, respectively,
during the experimental period. Fhe-This phenomenon was different from resultsfor 18- GHz—were
oppesite-te-the simulation results (Dai et al., 2022). The different polarization behavior at 18.7 and 36.5
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GHz might be related to the environmental conditions, snow characteristics and soil conditions. However,
as the subsurface soil moisture was not observed, the dynamic ground emissivity could not be estimated.
As it is known, as L band has strong penetrability, and-the brightness temperature variations were
predominantlyly related to subsurface soil conditions, exeept-whenunless for the situations that the liquid

water content within snowpack was high. Therefore, in the condition of soil moisture data absence, L
band brightness temperatures were expected to reflect soil moisture variation whieh-that influences the
soil transmissivity (Babaeian et al., 2019; Naderpour et al., 2017; Hirahara et al., 2020).

Snow surface albedo significantly influences the incoming solar radiation, playing an important role
in the climate system. The factors altering snow surface albedo contains the snow characteristics (grain
size, SWE, liquid water content, impurities, surface temperature etc), external atmospheric condition and
solar zenith angle (Aoki et al., 2003). Snow albedo was estimated based on snow surface temperatures
in some models (Roesch et al., 1999), while others considered that snow surface albedo was mainly
related to to-depend-mainly-on-snow aging-age (Mabuchi et al., 1997). In this experiment, we obtained
the 4-component radiation, snow pit and meteorological data,: Fhese—data—provideing nearly all
observations of possible influence factors, and-therefore could be utilized to diseuss—and—analyze
shortwave radiation process of snowpack, and validate or improve multiple-snow-layer albedo models.

Snow grain sizes and snow densities within different layers presented different growth rates during
different time-periodsperiods. Generally, the growth rates are related to the air temperature, pressure and
snow depth (Chen et al., 2020; Essery, 2015; Vionnet et al., 2012; Lehning et al., 2002); therefore, this
dataset can be used to analyze the evolution process of snow characteristics, as well as validation data
for snow models.

5.2 Uncertainties

During the experiment, some uncertainties were produced due to irresistible factors. It is—was
reported that the sampling depth of the L-band microwave emission under frozen and thawed soil
conditions is determined at 2.5 cm (Zheng et al., 2019). We did not collect subsurface soil moisture, and
the L band radiometer observation began on January 30, 2016. Therefore, it is difficult to obtain the
ground emissivity in the full snow season based on the data. The soil moisture data at 10 and 20 cm under
soil/snow interface cannot be directly used to validate and develop soil moisture retrieval from L band
brightness temperature. We-hopeln the future, detailed soil moisture profile will be observed to estimate
the subsurface soil moisture to fill the gap.

The grain size data were collected through taking photos. When measuring the length of grains, the

grain selection has subjectivity, and the released data are average-—valuesstatistic results based on the

chesenrecorded grain sizes. Although the general variation trend can be reflected by the time series of

average grain size, some details might be missed. Therefore, for who with interests, the original grain

photos could be provided through requesting for authors. In snow-melt period, large liquid water content
would influence the measurement results of snow fork. SeTherefore, it is suggested to use small-size
snow shovel or cutter to observe layered snow density in future experiments.

One season observation is quite valuable for developing and validate remote sensing snow retrieval
method_—or snow model, although the representativeness of this observation remains-unknewnrequires
further analysis. Nevertheless, We-need-more years of observations should be considered to increase the
statistical significance of to-enderse-oreconfirm-the evolution of snow characteristics.
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6 Conclusions

In a summary, the IMCS campaign provides a-time-series-efsnow pits observation, meteorological
parameters, optical radiation and passive microwave brightness temperatures in the the-snow season of
2015/2016. The dataset is unique in providing microwave brightness temperatures and coincident daily

snow pits data over a full snow season at a fix site. The first use of our dataset is for the validation of

snow microwave emission models, improving its simulation accuracy.
The daily snow pit data whieh-provide a-detail-deseription-of-snow grain size, grain shape, snow

density and snow temperature profiles. Generally, grain size grew with snow age, and increased from top

to bottom. Snow grains are rounded shape with small grain size in the top layer, and depth hoar with
large grain size in the bottom layer. Snow density experienced increase-stable-increase variation, and the
densities of the middle layers were greater than the bottom layer due to the well-developed depth hoar in
the stable period. The data can be used to analyzes the evolution process of snow characteristics
combining with weather data, also for the validatione and improvement of the snow process models, such
as SNOWPACK (Lehning et al., 2002), SNTHERM (Chen et al., 2020), etc. The improvement of these
snow process models can further enhance the prediction accuracy of land surface process and hydrology
modelg—md—thomimnlionnesnme o Do oo oo o de L

Microwave radiometer data and snow pit data have been utilized to analyze the volume scattering
features of snow-pack at different frequencies (Dai et al., 2022). Results showed that grain size is-was
the most important factor to influence snow volume scattering. The data can also be used te-for analysis
of furtheranalyze-polarization characteristics of snow-pack, combining with soil and weather data;-ane

The microwave and optical radiations were simultaneously observed. Existing studies reported that
the optical equivalent diameter must be used in microwave emission model with caution (Lowebeowe
and Picard, 2015; Roy et al., 2013). These data provide a geed-new opportunity to analyze the difference
between the influence of grain size on microwave and optical radiation, establishing the bridge between

effective optical grain size and microwave grain size.

7 Data availability

The IMCS consolidated datasets are available afterregistration-on the National Tibetan Plateau Data
Center and available online at http://data.tpdc.ac.cn/zh-hans/data/df1bSedb-daf7-4211-b326-
¢db278547eb5/ (doi: 10.11888/Snow.tpdc.270886). Microwave radiometry raw Data are available for
scientific use on request from Northwest Institute of Eco-Environment and Resources, Chinese Academy

of Sciences.
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Figure Al:. Photos of grains and reference ruler in each layer on February 15, 2016. In-and-in each photo
the longest and shortest axis lengths of the chosen grains are labeled. Original photos are in URL :

http://arcticroute.tpdc.ac.cn/navigate/bmp
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611
612

613
614
615
616
617
618

Table Al. Recorded longest and shortest axis length in Figure A.

Strati | Thickn
graph | ess Shape Grain size (longest axis * shortest axis)(mm)
y (cm)
0.595 | 0.472 | 0.450 | 0.615 | 0.374 | 0.647 | 0.656 | 0.544 | 0.717
*0.43 | *0.47 | *0.43 | *0.47 | *0.31 | *0.30 | *0.52 | *0.51 | *0.44
the 6 1 6 4 4 7 9 9 7
] 3cm #22
fifth 0.750 | 1.056 | 0.623 | 0.451 | 1.397 | 1.235 | 0.600 | 0.633 | 0.729
*0.44 | *0.95 | *0.37 | *0.40 | *0.63 | *0.32 | *0.42 | *0.55 | *0.42
5 5 8 5 5 7 1 6 3
2.605 | 1.850 | 1.626 | 1.767 | 1.718 | 2.255 | 1.674 | 1.542 | 3.505
*2.01 | *1.32 | *1.55 | *1.68 | *1.53 | *1.29 | *1.60 | *1.26 | *1.44
1 8 4 5 5 6 1 9 0
the
3cm #37 3.055 2.461 | 2.757 | 2.179 | 2.393
fourth 1.448
*1.77 *1.91 | *2.11 | *2.05 | *1.78
*1.37
4 4 5 9 8
2.569 | 2.073 | 2,591 | 1.869 | 2.067 | 1.209 | 1.719 | 1.648 | 1.911
*1.60 | *2.13 | *1.41 | *1.80 | *1.26 | *1.10 | *1.18 | *0.97 | *1.58
7 0 4 2 6 6 8 5 2
" #27, 1.921 | 1518 | 1.291 | 1.690 | 1.756 | 1.812 | 1.733 | 1.880 | 2.411
e
third 25cm #31, *1.71 | *1.06 | *1.14 | *1.55 | *1.39 | *1.26 | *1.67 | *1.51 | *1.22
ir
#37 0 7 7 1 8 3 2 8 0
2.118 | 1.614 | 1.795 | 2.215 | 1.864 | 1.967 | 2.008 | 1.362 | 1.484
*1.72 | *1.45 | *1.70 | *2.31 | *1.69 | *1.65 | *1.39 | *1.14 | *1.29
7 7 5 1 2 1 5 1 1
4.251 3012 2.805 | 1.799 | 1.402 | 3.040 | 2.850
*2.26 ' *1.99 | *1.41 | *1.19 | *2.07 | *2.09
the *2.65
#33, 6 5 5 5 3 5
secon 12
d #34 3.900 | 2.420 | 2.515 | 2.044 | 2.506 | 2.894 | 2.413 | 2.494 | 4.929
*2.53 | *2.33 | *2.20 | *2.03 | *2.36 | *2.16 | *1.95 | *1.81 | *3.25
2 3 6 2 3 1 0 6 7
0 4.933 | 3.207 | 3.562 | 2.818 | 3.581 | 6.179
#40,
the *3.37 | *2.77 | *1.70 | *1.66 | *2.51 | *3.56
4 #34,
first 8 4 1 8 8 2
#38
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Table A2:. One-An example of record table for snow density observation.

observation date: 20160111 observation time: 9:03-9:40 weather: clear snow depth: 48cm
Snow Folk table Snow tube table
observation height Cem)  [liquid water content(%)|snow density (g/cm3) snow depth(cm) 46.5 47 475
0 | 0.1923 snow pressure(g/cm?2 9.1 | 9 | 9.5
5 0.118 | 0.1882 snow density(g/em3) 0.1957 0.1915 0.2000
0 0.1882
0.461 | 0.164 snow shovel table
10 0.46 | 0.1631 observation layer (cm) |weight of shovel+snow(g) [weight of shovel(g) |snow density(g/em3
0.461 0.1361 865.04 572.16 0.1953
0.123 | 0.2532 0-10 858.72 | 572.16 0.1910
15 0 | 0.2506 866.69 572.16 0.1904
0 0.2417 878.58 | 572.16 0.2043
0.24 | 0.2159 10-20 887.04 | 572.16 0.2099
20 0.119 | 0.2155 872.79 572.16 0.2004
0.119 0.2146 905.34 | 572.16 0.2221
0.117 | 0.1977 20-30 903.41 | 572.16 0.2208
25 0 | 0.1994 907.88 572.16 0.2238
0 0.1984 832.75 | 572.16 0.1737
0 | 0.1919 30-40 838.14 | 572.16 0.1773
30 0 | 0.1966 837.27 572.16 0.1767
0 0.1928
0 0.1534 40-50
35 0 | 0.1517
0 0.1472
0.325 | 0.1097 50-60
40 0 | 0.1054
0.107 0.1088
0 | 0.0922
45 0 | 0.0991
0 0.0928
50
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