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Abstract. In this paper, we present a comprehensive experiment, namely, an Integrated Microwave Radiometry
Campaign for snow (IMCS), in Xinjiang, China, during the snow season of 2015-2016. The campaign hosted a
dual-polarized microwave radiometer operating at L, K, and Ka bands to provide minutely passive microwave
observations of snow cover at a fixed site, along with daily manual snow pit observations of snow physical
parameters, automatic observations of 10 min four-component radiation and layered snow temperatures, and
meteorological observations of hourly weather data and soil data. To the best of our knowledge, our dataset is
unique in providing continuous daily snow pit data and coincident microwave brightness temperatures, radiation
and meteorological data, at a fixed site over a full season, which can be straightforwardly used for evaluation and
development of microwave radiative transfer models and snow process models, along with land surface process
and hydrology models. The consolidated data are available at (https://doi.org/10.11888/Snow.tpdc.270886) (Dai,

2020).

1 Introduction

Field experiments/campaigns, as the main and most impor-
tant approach for snow studies, have been conducted to
obtain the electromagnetic and physical characteristics of
snow cover. The main experiments/campaigns are summa-
rized in Table 1. The Cold Land Processes Field Experi-
ment (CLPX) (https://nsidc.org/data/clpx/index.html, last ac-
cess: 21 December 2021), one of the most well-known ex-
periments, was carried out from winter of 2002 to spring of
2003 in Colorado, USA (Cline et al., 2003). During the cam-
paign, snow pits were collected to coincide with airborne
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and ground remote-sensing observations. In 2017, NASA’s
SnowEx campaign (https://nsidc.org/data/snowex, last ac-
cess: 21 December 2021) was conducted in Colorado to test
and develop algorithms for measurement of the snow water
equivalent (SWE) in forested and non-forested areas by pro-
viding multi-sensor observations of seasonally snow-covered
landscapes (Brucker et al., 2017). The campaign is still on-
going 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
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were measured to improve the understanding of the influence
of snow characteristics on brightness temperatures (Derk-
sen et al., 2012; Roy et al., 2013). The aforementioned mi-
crowave experiments were conducted at different sites for
different land cover, resulting in good representativity for
evaluating snow microwave emission models (Tedesco and
Kim, 2006; Royer et al., 2017), however, with a relatively
short temporal range, while dense temporal resolution is im-
portant to reveal the evolution of snow characteristics.

In the Arctic region, the Nordic Snow Radar Experiment
(NoSREx) campaign was conducted at a fixed field of the
Arctic boreal forest area in Sodankyl4, Finland, during 2009—
2013 (Lemmetyinen et al., 2016). The experiment provided
a continuous time series of active and passive microwave ob-
servations of snow cover spanning an entire winter season,
with synchronous observations of snow pits weekly. In Asia,
an experiment of radiation budget over snow cover (JERBS)
was conducted in Japan. In the experiment, snow pit work
at 3 or 4d intervals was conducted simultaneously with ra-
diation budget observations during winter of 1999-2000 and
2000-2001 to analyze the effects of snow physical parame-
ters on albedo (Aoki et al., 2003). The NoSREx and JERBS
experiments, for fixed field observation, provided more im-
proved time series of data than CLPX and SnowEx. Weekly
observations could reflect the general evolution process of
snow characteristics, but might miss some key details that
occur at sub-weekly scales. In the Tibetan Plateau with shal-
low snow cover, multiple years of microwave radiometry ob-
servations at L band were conducted to study passive mi-
crowave remote sensing of frozen soil (Zheng et al., 2019,
2021; Zhang et al., 2021). However, in the long-term experi-
ment, no snow pit was measured and the microwave radiom-
etry observation was only performed at L band, which is in-
sensitive to snowpack.

To understand the evolution of snow characteristics and
their influence on passive microwave brightness tempera-
tures and radiation budget, an integrated field experiment on
snowpack was conducted in Altay, China, during a full snow
season. 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 four-component radi-
ation and daily in situ observations of snow, soil, and atmo-
spheric properties, using both manual and automated meth-
ods. 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 mi-
crowave brightness temperatures, radiation and meteorolog-
ical data. The dataset is consolidated and organized, which
can be easily used for other researchers with interests.

In the next section, the experiment location, parameters,
and parameter measurement protocols are described. Sec-
tion 3 introduces the consolidated data that were released
at the National Tibetan Plateau Data Center, China, which
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provides data support for international science programs (Li
et al., 2020; Pan et al., 2021). Section 4 presents content of
brightness temperature, four-component radiation, snow pit
data, soil temperature and moisture, and meteorological data.
Section 5 discusses the possible applications and uncertain-
ties. Finally, the conclusions are summarized in Sect. 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 sea-
son (from 27 November 2015 to 25 March 2016) at the
Altay National Reference Meteorological station (ANRMS)
(47°44/26.58” N, 88°4'21.55” E), which is approximately
6km from the foot of the Altay Mountains in Northwest
China (Fig. 1). The Altay Mountains, with elevation up to
3000 m, running northwest and southeast, is at the junction
of China, Russia, Mongolia, and Kazakhstan, providing snow
water resources for these four countries. The average annual
maximum snow depth measured in this station is approxi-
mately 40cm, with a maximum over 70cm. In the south-
west of the Altay Mountains, cropland and desert with flat
terrain are the dominant land covers. Snow cover is criti-
cal fresh water for the irrigation in this area. In this exper-
iment, measurements included microwave radiometry, four-
component radiation, snow pit and soil parameters. The test
sites of this experiment were four neighboring bare rectangle
fields in the ANRMS with areas of 2000 m? (Fieldl (F1) in
Fig. 1), 3000 m? (Field2 (F2) in Fig. 1), 400 m? (Field3 (F3)
in Fig. 1), and 300 m?2 (Field4 (F4) in Fig. 1), respectively.

In F2, the ground-based microwave radiometer was set
up in the middle of the field, facing south to collect bright-
ness temperatures over snow cover. For manual snow pit
data collection, F1 behind the microwave radiometers (north
of the radiometers) was used. The microwave radiome-
ter observations and snow pit data collections were con-
ducted by the Northwest Institute of Eco-Environment and
Resources (NIEER), Chinese Academy of Science (CAS),
from 27 November 2015 to 25 March 2016 (snow free after
25 March 2016).

Field3 was for meteorological measurements including
wind speed, wind direction, air temperature, air wetness, air
pressure, precipitation, soil temperature, and soil moisture,
among others. These parameters were automatically obtained
from instruments, and the instrument setup and data collec-
tion were operated by ANRMS. In this experiment, we re-
quested the wind, air temperature, air wetness, air pressure,
soil temperature and moisture data from ANRMS. Field4
was designed for automatic measurement of layered snow
temperatures, snow density, SWE, snow depth, and albedo,
with instruments operated by NIEER since 2013. However,
during the experiment, the instruments for snow density and
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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 Col- February and March 2002 and Inconsecutive multi-sensor
orado 2003 observations, including mi-
crowave radiometry over snow
and synchronous snow pit
measurements at different sites
with short temporal range
SnowEx-year 1 Grand Mesa and Sen-  February 2017 Inconsecutive multi-sensor
ator Beck Basin, Col- observations, including mi-

orado crowave radiometry over snow
and synchronous snow pit
measurements at different sites
with short temporal range
CMRES* Mobile observation  November 2009-April 2010 Mobile microwave radiome-
at forest, open, and try and snow pit observations
lake environments in within footprint of radiometer.
the northern Canadian Short temporal range and in-
region consecutive observations
NoSREx Fixed site in Sodankyld, Snow season during 2009-2013  Consecutive microwave
Finland radiometry and SAR observa-
tions over snow, and weekly
snow pit measurements
JERBS Fixed site in Japan Snow season during 1999-2000  Consecutive optical radiation

observations over snow and
consecutive snow pit measure-
ments at 3 or 4 d interval

IMCS (Presented in this work)  Fixed site in China

November 2015-March 2016

Consecutive microwave ra-
diometry and optical radiation
observations and consecutive
daily snow pit measurements

Note: * CMRES: microwave radiometry experiment on snow cover conducted in northern Canada

SWE were not functional, and we only collected layered
snow temperatures and four-component radiation.

Because the four observation fields, located within the do-
main of the station, are within distances less than 100 m,
it is reasonable to assume that the snow characteristics and
soil and weather conditions are consistent among these four
fields.

2.2 Measurement methods

The microwave signatures from snowpack vary with snow
characteristics, soil, and weather conditions. In this experi-
ment, the measurements include microwave radiometry ob-
servations to collect brightness temperatures, manual snow
pit observations to collect snow physical parameters, auto-
matic observations to collect four-component radiation and
snow temperatures, and meteorological observations con-
taining weather data and soil data.

https://doi.org/10.5194/essd-14-3509-2022

2.2.1 Microwave radiometry

The brightness temperatures at 1.4, 18.6, and 36.5 GHz
for both polarizations (Tblh, Tblv, Tbl8h, Tbl8y,
Tb36h, Tb36v) were automatically collected using
a six-channel dual-polarized microwave radiome-
ter RPG-6CH-DP (Radiometer Physics GmbH, Ger-
many, https://www.radiometerphysics.de/products/
microwave-remote-sensing-instruments/radiometers/,

last access: 31 May 2020). The technical specifications of
RPG-6CH-DP are described in Table 2. The RPG-6CH-DP
contains a built-in temperature sensor used for measuring
air temperature. The frequency of automated data collection
was set to 1 min.

Before the snow season, a platform with height of 5m,
length of 4m, and width of 2m was constructed in the ex-
periment field (Fig. 2). A 4 m orbit was fixed on the plat-
form. The RPG-6CH-DP was set up on the orbit and could be
moved along the orbit. The microwave radiometers at the K
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Figure 1. Location of the Altay National Reference Meteorological station (ANRMS) in Asia, along with the four test sites in ANRMS. F1
(approximately 40 m x 50 m) was for snow layering, layer thickness, snow density, snow grain size and shape of each layer. F2 (approximately
60 m x 50 m) was for microwave radiometer observations. F3 was for meteorological and soil data collection operated by ANRMS. F4 was for
the automatic observations of the snow temperature, and four-component radiation, designed by the Northwest Institute of Eco-Environment

and Resources (NIEER) under the Chinese Academy of Science (CAS).

and Ka bands began working from 27 November 2015, while
the L-band radiometer began working from 30 January 2016.
These radiometers were calibrated using the sky tipping cal-
ibrated technique with an accuracy of 1 K. In clear-sky con-
ditions, the sky brightness temperatures were approximately
29.7+0.3K at 18.7GHz and 29.3 +£0.9K at 36.5 GHz for
both polarizations, while 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 po-
larization.

Generally, the radiometers were fixed in the middle of
the orbit to observe snow cover with an incidence angle of
50°. Multi-angle observations were conducted after every big
snowfall, or every 5d in the stable period. During the melt

Earth Syst. Sci. Data, 14, 3509-3530, 2022

period, observation frequency increased. There are a total
17 multi-angle observations: 3, 19, and 30 December; 3, 8§,
13, 18, 3, and 28 January; 3 February; and 3, 10, 15, 22,
26, 28, and 31 March, when the radiometer was set to scan
the ground at different incidence angles to the left, middle,
and right of the orbit, respectively. Although the view fields
of the antennas for 1.4, 18.7, and 36.5 GHz did not overlap
completely, the measured results showed that the brightness
temperatures observed to the left, middle, and right of the or-
bit varied within 1 K. Therefore, the snow and soil conditions
were considered homogeneous within the view fields of the
three antennas.

https://doi.org/10.5194/essd-14-3509-2022
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Table 2. Technical specifications of the RPG-6CH-DP microwave radiometer.

Parameter Value

Manufacturer Radiometer Physics GmbH
System noise temperatures < 900K

Bandwidth 400 MHz (20 MHz for 1.4 GHz)
System stability 05K

Dynamic range 0-400K

Frequencies (GHz) 1.4,18.7,36.5

Polarizations V,H

Internal calibration Internal Dicke switch and software control for automatic sky tilt calibration
Receiver and antenna thermal stabilization < 0.015K

Antenna sidelobe level < —30dBc

Optical resolution (HPBW)
Incidence angle
Azimuth angle

0-90°
360°

6.1° (11° for 1.4 GHz)

Microwave radiometers

Figure 2. Ground-based microwave radiometer observation system.

2.2.2 Snow pit measurements

The snow characteristics, including snow layering, snow-
layer thickness, grain size, snow density, and snow temper-
ature, were collected by manual snow pit measurements in
Field 1. These data were collected daily at 08:00—10:00 LT,
from 27 November 2015 to 25 March 2016, excluding 7d
(please see Table 3). Although the snow temperatures were
manually measured at snow pits, the automatically collected
snow temperatures in Field 4 were utilized in this study be-

https://doi.org/10.5194/essd-14-3509-2022

cause the temperature measured at snow pits could not reflect
the natural temperature profile when the snow pits were ex-
posed to air.

The first step of snow pit measurement is making a snow
pit. In Field 1, a new snow pit was dug daily using a spade.
The snow pit was approximately 2m x 1 m to ensure that
all parameters could be measured from unbroken snowpack.
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

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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Table 3. Variables collected by manual daily snow pit measurement in Field 1 in Fig. 1, along with their observation instruments and

observation time or frequencies.

L. Dai et al.: Microwave radiometry experiment for snow in Altay, China

Parameter Instruments Precision Layering style Absent date Observation time
or frequency
Layer thickness (cm) Ruler 0.1cm Natural layering ~ No 08:00-10:00LT
Snow density (g cm_3) Snow tube (Chinese Pressure: 0. 1 gcm_2, Whole snowpack No
Meteorological Admin-  snow depth: 0.1 cm
istration)
Snow density (g cm~3) Snow shovel (NIEER) Weight: 0.01 g, volume:  Every 10cm 2-3 Jan 2016;
Tcm? 20 Feb 2016
Snow density (g cm™3) Snow fork (Toikka En-  0.0001 g cm™3 Every 5cm
gineering Ltd.)
Liquid water content (%)  Snow fork 0.001 % Every 5cm
Snow grain size (mm) Anyty V500IR/UV 0.001 mm Natural layering 24, 31 Dec
2015; 1-3, 23
Jan 2016, 20
Snow grain shape Shape card n/a Natural layering Feb 2016

n/a: not applicable

long time, the snow characteristics will be influenced by en-
vironment and will be different from the natural snow charac-
teristics. To ensure that every observation was conducted on
natural snow pit, the snow pit was backfilled with the shov-
eled snow after finishing all observations, and the following
day, the new snow pit was made at least 1 m distance away
from the previous snow pit. After finishing a snow pit, the
natural snowpack stratification was then visually determined,
and the thickness of each layer was recorded against a ruler.

The next step was measuring grain size and shape type in
each layer. The grain size and type within each natural layer
were estimated visually using a microscope with an “Anyty
V500IR/UV” camera (Fig. 3a). The software “VIEWTER
Plus”, matched with 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 lengths of
the longest and shortest axes to describe grain size (Fig. 3b).
When using the software to measure the grain size, a refer-
ence is needed. In this experiment, a ruler marked 0.5 mm
was used as a reference (Fig. 3c). We adjusted the focus of
the camera to make sure the grains were at the clearest sta-
tus in camera to take photos, and the photo of the 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, mid-
dle, and bottom of the layer, respectively. For each layer, at
least five photos were taken, and the lengths of the longest
and shortest axes of at least 10 typical grains were recorded.
The final grain size was the average of the 10 recorded val-
ues. Figure A1l presents an example of the original photos of
grains in each layer, and Table A1 shows the matched record
of the lengths of the longest and shortest axes.

Earth Syst. Sci. Data, 14, 3509-3530, 2022

Snow density was measured using three instruments: snow
tube, snow shovel, and snow fork (Fig. 4). The snow tube
instrument, designed by the Chinese Meteorological Admin-
istration, contains a metal tube with a base area of 100 cmz,
a length of 60 cm, and a balance (Fig. 4a). It was utilized to
measure the snow density of a whole snowpack by weigh-
ing the snow sample. The snow shovel is a 1500 cm® wedge-
type sampler, and its length, width, and height are 20, 15,
and 10 cm, respectively (Fig. 4b). It was utilized to measure
snow density every 10 cm (0-10, 10-20, 20-30 cm, etc.). The
snow fork (Fig. 4c) is a microwave resonator hat 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. It was utilized to
measure snow density and liquid water content at 5cm in-
tervals starting 5 cm above the snow/soil interface (5, 10, 15,
20cm ...). In order to decrease the observation error, every
measurement was repeated three times. If there was an ab-
normal value, a fourth measurement would be performed to
ensure the accuracy. Table A2 is an example record table for
snow density. The average value of the three-time observa-
tion was the final value.

2.2.3 Automatic radiation and temperature
measurements

In Field 4, the four-component radiation was automatically
measured by a component net radiometer (NRO1) manufac-
tured by Hukseflux, and layered snow temperatures were
measured by Campbell Scientific 109S temperature sensors,
respectively. The temperature sensors were set up on a verti-
cal pole inserted in soil (Fig. 5). The sensors’ heights are 0, 5,
10, 15, 25, 35, 45, and 55 cm above the soil/snow interface,
and temperatures were collected every 10 min.

https://doi.org/10.5194/essd-14-3509-2022
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Figure 3. (a) Picture of microscope “Anyty V500IR/UV”, (b) the measured lengths of the longest and shortest axes of particles, and (c) the

reference ruler scale.
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Figure 4. Three instruments for snow density: (a) snow tube, (b) snow shovel, and (¢) snow fork.

The NROI1 net radiometer was set up to measure the en-
ergy 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 radia-
tion is 285-3000 nm, and the range of long wave radiation is
4.5-40 um. The four-component radiation was automatically
recorded every 10 min. In addition, the sensor was equipped
with a Pt100 temperature sensor for parallel recording of the
sensor temperature.

2.2.4 Meteorological observations

The meteorological data include air temperature, air pres-
sure and humidity, wind speed, soil temperature (at —5, —10,
—15, and —20 cm), and soil moisture (at —10 and —20 cm).
These parameters are routine observations conducted at AN-
RMS. The instruments used for soil and weather parameter
observations are produced by the China Huayun Meteorolog-
ical Technology Group Corporation. The measurement pa-
rameters and their measurement instruments are listed in Ta-
ble 4.

https://doi.org/10.5194/essd-14-3509-2022

The air temperature, pressure, and humidity were collected
using a temperature and wetness sensor in the thermometer
screen. The wind speed and direction were measured using
a wind sensor set up at 10 m on a tower. Soil moisture and
temperature were automatically measured using a moisture
sensor and temperature sensor, respectively. Figure 6 depicts
the instruments for these observations.

3 Description of consolidated IMCS dataset

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

Earth Syst. Sci. Data, 14, 3509-3530, 2022



3516

Figure 5. Setup of temperature sensors and NRO1 in Field 4.
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Table 4. Automatically observed variables and the observation instruments, observation time and frequencies.

Parameter Instruments Precision Layering style Observation time
or frequency
Snow temperature (°C) Temperature sensors (Campbell 109S) 0.001°C 0,5, 10, 15, 25, 35,45, and 55cm 10 min
Four-component radiation (W m_2) Component net radiometer NRO1 (Hukseflux)  0.001 W m~2 6 feet above ground 10 min
Soil temperature (°C) Soil temperature sensor (China Huayun) 0.1°C -5, —10, —15 and —20cm Hourly
Soil moisture (%) Soil moisture sensor (DZN3, China Huayun) 0.1% —10 and —20 cm Hourly
Air temperature (°C) Thermometer screen (China Huayun) 0.1°C 6 feet (1.83 m) above ground Hourly
Air pressure (hPa) Thermometer screen (China Huayun) 0.1 hPa 6 feet (1.83 m) above ground Hourly
Air humidity (%) Thermometer screen(China Huayun) 1% 6 feet (1.83 m) above ground Hourly
Wind speed (m s7h Wind sensor (China Huayun) 0.1ms™! 10 m above ground Hourly

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

The time series of automated layered snow temperature
and four-component radiation data were first processed by
the removal of abnormal values and gap fill, and then con-
solidated into a NetCDF file “ten-minute 4 component radi-
ation and snow temperature.nc”. The ground-based bright-
ness temperatures and the formatted weather and soil data
requested from ANRMS were provided “as is”. Brightness
temperature data were divided into time series of brightness
temperature and multi-angle brightness temperature. These
were stored separately in two NetCDF files. The weather and
soil data were consolidated into a NetCDF file “hourly me-

Earth Syst. Sci. Data, 14, 3509-3530, 2022

teorological and soil data.nc”. Table 5 describes the contents
of the provided dataset.

1. Brightness temperature data.

Minutely brightness temperatures at 1.4, 18, and
36 GHz for both polarizations at an incidence angle of
50°. These data include time, incidence angle, azimuth
angle, and brightness temperatures at the three bands for
both polarizations.

Seventeen groups of calibrated brightness temperature
at 1.4, 18.7 and 36.5 GHz for both polarizations at dif-
ferent incidence angles (30, 35, 40, 45, 50, 55, 60°).
This data include time, incidence angles, azimuth an-

https://doi.org/10.5194/essd-14-3509-2022
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Figure 6. Instruments for observation of (a) air temperature and wetness, (b) wind speed, (c) soil temperature, and (d) soil moisture.

gle, and brightness temperatures at the three bands for
both polarizations.

2. Manual snow pit data.

Daily snow pit data include date, snow depth, layered
snow thickness, average longest axis, average shortest
axis, grain shapes of each layer, layered snow density
using snow fork (snow density at different heights, such
as SF_5cm, SF_10cm, SF_15cm), snow density us-
ing snow tube, and layered snow density using snow
shovel (such as SS_0-10cm, SS_10-20cm, SS_20-
30cm, SS_30-40cm).

3. Automated snow temperature and radiation data.

The 10 min four-component radiation and snow temper-
ature data include time, short-wave incident radiation,
short-wave reflected radiation, long-wave infrared in-
cident radiation, long-wave infrared reflected radiation,
sensor temperature, and snow temperatures at different
heights (such as ST_Ocm, ST_5 cm).

4. Meteorological and soil data.

Hourly weather data include time, air temperature, pres-
sure, humidity, wind speed, soil temperature (at 5, 10,
15, and 20 cm), and soil moisture (at 10 and 20 cm).

4 Overview and preliminary analysis of collected
data from IMCS

4.1 Snow characteristics
4.1.1 Layering grain size and grain shape

During 2015-2016, snow cover began on 27 November 2015
and ended on 25 March 2016. During this snow season, there
were seven snowfall events and each formed a distinct snow
layer, except for the third event whose layering was indis-
tinguishable from the second layer (Fig. 7, gray). The fourth

https://doi.org/10.5194/essd-14-3509-2022

event was the biggest. After the snow depth started to de-
crease and the snow density increased, snow cover started to
melt on 14 March and ended within 10d.

Grain sizes within all layers increased during the snow sea-
son, except in the bottom layer where the grain size experi-
enced a decrease from 28 December to 20 January (Fig. 8). In
the vertical profile, the grain size increased from top to bot-
tom with the snow age. The grain size of the fresh snow was
approximately 0.3 mm during the experiment. The longest
long and short axes, occurring in Layer 1 during the melt pe-
riod, were up to 6 and 4 cm, respectively. The length of short
axes is approximately 0.7 % of the length of long axes. The
grain shape generally developed from rounded grains to facet
crystals, and then to depth hoar. After 13 March 2016, the
minimum air temperature increased to above 0 °C, snowmelt
accelerated, and the grain shape developed into melted forms
(Fig. 7).

4.1.2 Snow density

Snow density measured by three different instruments shows
that the density of fresh snow ranged between 0.05-
1.0gcm™3 (Fig. 9). The snow densities increased with snow
age and remained stable after reaching ~ 0.2-0.25 gcm ™.
As of 14 March, snow densities increased abruptly, with
the maximum value over 0.45 gcm ™. In the vertical profile,
snow density increased from top to bottom in the accumula-
tion phase. However, after 3 January 2016, snow densities in
the middle layers were larger than those in the bottom and up-
per layers due to the well-developed depth hoar of the bottom
layer. In the melting phase, there were no significant differ-
ences for the snow densities in all layers. Snow fork provided
most of the detail for the snow density profile, but systemat-
ically underestimated snow density compared to snow tube
and snow shovel by 24 % (Dai et al., 2022).

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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Table 5. Description of consolidated data.

L. Dai et al.: Microwave radiometry experiment for snow in Altay, China

Data Content File name Variables
Brightness temperature Brightness temperature ~ TBdata.nc Time (yyyy-mm-dd
hh:mm:ss), Tb1h,

Multi-angle brightness
temperatures

TBdata-multiangle.nc

Tblv, Tbl18h, Tbl18yv,
Tb36h, Tb36v, inci-
dence angle, azimuth

angle
Time (yyyy-mm-dd
hh:mm:ss) , Tblh,

Tblv, Tb18h, Tb18yv,
Tb36h, Tb36v, inci-
dence angle, azimuth
angle

Manual snow pit data

Layer thickness, lay-
ered grain size and
shape, snow density

Daily snow pit data.nc

Time (yyyy-mm-dd),
snow depth, thl, Lgl,
Sgl, th2, Lg2, Sg2, th3,
Lg3, Sg3, th4, Lg4,
Sg4, th5, Lg5, Sg5, th6,
Lg6, Sg6, Stube, SS_0-

10cm, SS_10-20cm,
SS_20-30cm, SS_30-
40cm, SS_40-50cm,
SF_5cm, SF_10cm,
SF_15cm, SF_20cm,
SF_25c¢cm, SF_30cm,
SF_35c¢cm, SF_40cm,
SF _45cm, SF_50cm,

shapel, shape2, shape3,
shape4, shape$5, shape5

Automated snow temperature and radiation data

four-component radia-
tion, snow temperature

ten-minute 4 compo-
nent radiation and snow
temperature.nc

Time (yyyy-mm-dd
hh:mm), SR_DOWN,
SR_UP, LR_DOWN,
LR_UP, T_Sensor,
ST Ocm, ST Scm,
ST _15cm, ST 25cm,
ST_35cm, ST 45cm,
ST 55cm

Meteorological and soil data

Meteorological  data,
soil  moisture  and
temperature

Hourly meteorological
and soil data.nc

Time (yyyy-mm-
dd hh), Tair, Wair,
Pair, Win, SM_10cm,
SM_20cm, Tsoil_5 cm,
Tsoil_10cm,
Tsoil_15cm,
Tsoil_20 cm

Note: th: snow thickness, Lg: long axis, Sg: short axis, shape: grain shape; Stube: snow density observed using snow tube, SS: snow density observed using snow shovel,
SF: snow density observed using snow fork; ST: snow temperature; SR_DOWN: downward short-wave radiation, SR_UP: upward short-wave radiation, LR_DOWN,
downward long-wave radiation, LR_UP: upward long-wave radiation, T_sensor: sensor temperature; Tair: air temperature, Wair: air wetness, Pair: air pressure, Win: wind

speed, SM: soil moisture, Tsoil: soil temperature.

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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Figure 7. Daily variation in snow layers and grain shape in each layer from 27 November 2015 to 25 March 2016.
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Fig. 7.

4.1.3 Snow temperature

The diurnal range of snow temperature decreased from top to
bottom layers. As the snow depth increased, there were more
layers with small diurnal variations (Fig. 10). Snow tempera-
ture at 0 cm (snow/soil interface temperature) showed no sig-
nificant diurnal variation, remaining at approximately —2.0
to 0.7 °C. Snow temperature in the top layer had the largest
diurnal variation. After 17 March 2016, the snow tempera-
ture of all layers were above 0 °C, implying that snow cover
did not refreeze anymore.

https://doi.org/10.5194/essd-14-3509-2022

4.2 Soil temperature and moisture

The soil temperature at 5 and 10 cm remained stable and be-
low 0 °C during the snow season but presented large fluctu-
ation before (after) snow on (off) (Fig. 11). The temperature
difference between 5 and 10 cm was much larger before snow
cover onset than during snow cover period. The soil moisture
at 10 cm was more than 10 % before snow cover onset and af-
ter snow off. There were two soil moisture peaks within the
snow cover period, one from 12—14 December and the other
from 1-20 January.

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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Figure 9. Daily variation in snow densities measured using three different measurement methods from 27 November 2015 to 25 March 2016,
(a) overall snow density measured using snow tube, (b) snow density at 10 cm interval using snow shovel, and (¢) snow density at 5 cm interval

using snow fork.

4.3 Brightness temperature

The microwave brightness temperatures varied with snow,
soil, and weather conditions. Figure 12 shows the daily
brightness temperatures, brightness temperature difference
between 18 and 36 GHz, and snow depth at 01:00 LT. Fig-
ure 13 shows the hourly variation in brightness temperatures
at 1.4, 18.7, and 36.5 GHz and air temperature after 1 Febru-

Earth Syst. Sci. Data, 14, 3509-3530, 2022

ary. Data show that Tb36h and Tb36v decreased during the
full snow season, Tb18h exhibited an obvious decline after
18 February, and Tb18v after 3 March (Fig. 12). After 4 Jan-
uary, though snow depth stopped increasing, the brightness
temperature continued to decrease and brightness tempera-
ture difference increased. Based on Fig. 8, snow density be-
came stable after 15 January. Therefore, after 4 January, the
decreasing brightness temperatures were mainly caused by

https://doi.org/10.5194/essd-14-3509-2022
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Figure 10. Minutely variation in snow temperatures at 0 cm (snow/soil interface), 5, 15, 25, 35, 45, and 55 cm above ground during the

experiment period.

20

——ST_Sem (°C)
15

—ST_15cm (°C)

ST_10cm (°C)

—ST _20cm (°C) l’

Soil temperature (°C)

-10

— = ¥ N w
> wn = wn >
L L L y

Soil moisture (%)

wn

=)

(a)
—SM_10cm (%) ——SM_20cm(%)
(b)
T 2z 2z 2 2 9 g ¥ g = = = == <2 2 29 = = @ 0= =
EEEEEEEEEEEEEEEEEEE
S ¥ 84 g & ¢ I 9 g " 8 g 5 ® 2 3 & £ 2 f
Date

Figure 11. (a) Hourly soil temperature at 5, 10, 15, and 20 cm below the snow/soil interface, and (b) soil moisture at 10 and 20 cm below

the snow/soil interface.

the growing grain size. The variation of L band mainly relies
on soil moisture and soil temperature changes. We have soil
temperatures at 0, 5, and 10cm and soil moisture at 10 cm.
However, the L band reflects the soil moisture within 5cm
which was absent in this experiment.

After 25 February, the brightness temperature exhibited
a distinct cycle of daytime increase and nighttime decrease
(Fig. 13), resulting from large liquid water content caused by
high daytime air temperature (above 0 °C) and nighttime re-
freezing of the melted snowpack. After 14 March there was

https://doi.org/10.5194/essd-14-3509-2022

another big rise in air temperature and even the nighttime air
temperatures were above 0 °C. During this period of acceler-
ated snowmelt, since the liquid water within the snowpack
did not completely refreeze at night, both brightness tem-
peratures at the three bands and the brightness temperature
difference exhibited irregular behavior.

The brightness temperatures at 18.7 and 36.5 GHz from
the Advanced Microwave Scanning Radiometer 2 (AMSR-2)
and at 1.4 GHz from Soil Moisture Active Passive (SMAP)
were compared with the ground-based observations at the

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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Figure 12. Daily variations in brightness temperatures at 1.4, 18, and 36 GHz, for horizontal (Tblh, Tb18h, Tb36h) and vertical (Tblv,
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at 01:00 LT, from 27 November 2015 to 26 March 2016 (a) for horizontal polarization, and (b) for vertical polarization.

overpass time (Fig. 14). Although there were large differ-
ences between satellite and ground-based observations, the
general temporal patterns were the same. Specifically, the
abrupt changes at 18.7 and 36.5 GHz on 3 and 16 March were
captured by both satellites and ground-based sensors. Bright-
ness temperatures at 1.4 GHz from both SMAP and ground-
based microwave radiometer held stable before 16 March.
After this date, however, brightness temperature rapidly de-
creased because of the increase in soil moisture. The corre-
lation coefficients at both polarizations were approximately
0.96, 0.7, and 0.88 for 36.5, 18.7, and 1.4 GHz, respectively.
Satellite-observed brightness temperatures presented less of
a decrease trend than ground-based observations. The differ-
ence at 36.5 GHz is larger than those at 18.7 and 1.4 GHz.
The difference between ground-based and satellite observa-
tions might be attributed to the different fields of view.

4.4 Four-component radiation

The land surface albedo is strongly related to the land cover.
In this experiment, the downward short-wave radiation pre-
sented a general increase after January, while the trend be-

Earth Syst. Sci. Data, 14, 3509-3530, 2022

came distinctive after February (Fig. 15). The upward short-
wave radiation abruptly increased when the ground was cov-
ered by snow (after 21 November), and sharply declined on
the snow-off day (25 March). From the first snowfall by the
end of January, the ratios between upward and downward
short-wave radiation were approximately 95 %. The ratio de-
creased with snow age, and by the end of snow season, the
ratios decreased to approximately 25 % on the snow-off day.

5 Discussion

5.1 Applications

Our dataset, though for one snow season, provides daily
snow pit observations with coincident microwave and op-
tical radiation data, including comprehensive and detailed
snow parameters, allowing researchers to find more details
in snow characteristics and their relationship with remote-
sensing signatures. The dataset also fills the snow observa-
tion gap in mid-low snow-depth areas with a relatively short
snow-cover duration.

https://doi.org/10.5194/essd-14-3509-2022
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temperature at 5 cm, and daily variation in snow depth, from 1 February to 28 March 2016.

The snow pit data and microwave brightness temperatures
have proven to be useful for evaluating and updating a mi-
crowave emission transfer model of snowpack (Dai et al.,
2022). This dataset reflected a general fact that brightness
temperatures at higher frequencies presented stronger vol-
ume scattering of snow grains, and were more sensitive to
snow characteristics. This experiment revealed that the dom-
inant control for the variation of brightness temperature was
the variation of grain size and not snow depth or SWE. In the
stable period, the brightness temperature difference between
18.7 and 36.5 GHz increased with growing grain size under
the condition of dry snowpack. Therefore, the daily snow
depth variations derived from passive microwave remote-
sensing datasets tend to exhibit a temporal offset from those
of in situ observations.

During the snow season, brightness temperatures for both
polarizations presented similar variation trends, though be-
having differently in fluctuation. The horizontal polariza-
tion was more sensitive to environment and was less sta-
ble than the vertical polarization. Furthermore, the polariza-
tion difference at 18.7 and 36.5 GHz showed increase and
decrease trends, respectively, during the experimental pe-
riod. This phenomenon was different from the simulation
results (Dai et al., 2022). The different polarization behav-
iors at 18.7 and 36.5 GHz might be related to the environ-
mental conditions, snow characteristics, and soil conditions.
Howeyver, as the subsurface soil moisture was not observed,
the dynamic ground emissivity could not be estimated. As
it is known, since the L band has strong penetrability, the
brightness temperature variations were predominantly re-

https://doi.org/10.5194/essd-14-3509-2022

lated to subsurface soil conditions, except for the situations
in which the liquid water content within snowpack was high.
Therefore, under the condition of soil moisture data absence,
the L band brightness temperatures were expected to reflect
soil moisture variation that influences the soil transmissivity
(Babaeian et al., 2019; Naderpour et al., 2017; Hirahara et
al., 2020).

Snow surface albedo significantly influences the incom-
ing solar radiation, playing an important role in the climate
system. The factors altering snow surface albedo contain the
snow characteristics (grain size, SWE, liquid water content,
impurities, surface temperature, etc.), external atmospheric
conditions and solar zenith angle (Aoki et al., 2003). Snow
surface albedo was estimated based on snow surface tem-
peratures in some models (Roesch et al., 1999), while oth-
ers considered that snow surface albedo was mainly related
to snow age (Mabuchi et al., 1997). In this experiment, we
obtained the four-component radiation, snow pit and meteo-
rological data, providing nearly all observations of possible
influencing factors that could therefore be utilized to analyze
the short-wave radiation process of snowpack, and validate
or improve multiple-snow-layer albedo models.

Snow grain sizes and snow densities within different lay-
ers presented different growth rates during different periods.
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.

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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5.2 Uncertainties

During the experiment, some uncertainties were produced
due to irresistible factors. It 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 30 January 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 directly be
used to validate and develop soil moisture retrieval from L-
band brightness temperature. In the future, detailed soil mois-

Earth Syst. Sci. Data, 14, 3509-3530, 2022

ture profiles will be observed to estimate the subsurface soil
moisture.

The grain size data were collected by taking photos. When
measuring the length of grains, the grain selection has sub-
jectivity, and the released data are statistic results based on
the recorded 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 those who are inter-
ested, the original grain photos could be provided by request-
ing it from the authors. During the snowmelt period, large
liquid water content would influence the measurement results
of snow fork. Therefore, it is suggested to use a small-sized

https://doi.org/10.5194/essd-14-3509-2022
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Figure 15. Minutely variation in four-component radiation and daily variation in snow depth at the Altay station from 3 November 2015 to

15 April 2016.

snow shovel or cutter to observe layered snow density in fu-
ture experiments.

One seasonal observation is quite valuable for develop-
ing and validating a remote-sensing snow retrieval method
or snow model, although the representativeness of this ob-
servation requires further analysis. Nevertheless, more years
of observations should be considered to increase the statisti-
cal significance of the evolution of snow characteristics.

6 Data availability

The IMCS consolidated datasets are available on the Na-
tional Tibetan Plateau Data Center and available online at
https://doi.org/10.11888/Snow.tpdc.270886 (Dai, 2020). Mi-
crowave radiometry raw data are available for scientific use
on request from the Northwest Institute of Eco-Environment
and Resources (NIEER), Chinese Academy of Sciences
(CAS).

7 Conclusions

In summary, the IMCS campaign provides snow pit observa-
tions, meteorological parameters, optical radiation, and pas-
sive microwave brightness temperatures in the snow season
of 2015-2016. The dataset is unique in providing microwave
brightness temperatures and coincident daily snow pit data
over a full snow season at a fixed 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 provide snow grain size, grain
shape, snow density, and snow temperature profiles. Gen-
erally, grain size grew with snow age, and increased from
top to bottom. Snow grains have a 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 lay-
ers were greater than those of the bottom layer due to the
well-developed depth hoar in the stable period. The data can

https://doi.org/10.5194/essd-14-3509-2022

be used to analyze the evolution process of snow charac-
teristics, combined with weather data, also for the valida-
tion 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 mod-
els can further enhance the prediction accuracy of land sur-
face process and hydrology models.

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 was the most important factor to influ-
ence snow volume scattering. The data can also be used for
the analysis of snowpack polarization characteristics, com-
bined with soil and weather data.

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

Earth Syst. Sci. Data, 14, 3509-3530, 2022
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Appendix A
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Figure A1. Photos of grains and reference ruler in each layer on 15 February 2016. In each photo the lengths of the longest and shortest axes

of the chosen grains are labeled. Original photos are in URL: http://arcticroute.tpdc.ac.cn/navigate/bmp (last access: 8 June 2022).
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Table A2. An example of record table for snow density observation.

Observation date: 11 January 2016; observation time: 09:03—09:40 LT; weather: clear; snow depth: 48 cm

Snow tube table

Snow depth (cm) 46.5 47 47.5
Snow pressure(g cm™2) 9.1 9 9.5
Snow density (g em™3)  0.1957 0.1915 0.2000
Snow fork table ‘ Snow shovel table
Observation  Liquid water  Snow density | Observation = Weight of shovel =~ Weight of ~ Snow density
height (cm) content (%) (g em™?) layer (cm) +snow (g)  shovel (g) (g em™3)
0 0.1923 865.04 572.16 0.1953
5 0.118 0.1882 0-10 858.72 572.16 0.1910
0 0.1882 866.69 572.16 0.1964
0.461 0.164
10 0.46 0.1631
0.461 0.1361
0.123 0.2532 878.58 572.16 0.2043
15 0 0.2506 10-20 887.04 572.16 0.2099
0 0.2417 872.79 572.16 0.2004
0.24 0.2159
20 0.119 0.2155
0.119 0.2146
0.117 0.1977 905.34 572.16 0.2221
25 0 0.1994 20-30 903.41 572.16 0.2208
0 0.1984 907.88 572.16 0.2238
30 0 0.1919
0 0.1966
0 0.1928
35 0 0.1534 832.75 572.16 0.1737
0 0.1517 30-40 838.14 572.16 0.1773
0 0.1472 837.27 572.16 0.1767
0.325 0.1097
40 0 0.1054
0.107 0.1088
45 0 0.0922
0 0.0991
0 0.0928
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