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Abstract: The snow temperature above the ice sheet is one of the basic characteristic parameters of
the ice sheet, which plays an important role in the study of the global climate. Because infrared and
microwaves with different frequencies have different penetration depths in snow, it is possible to
retrieve the snow temperature profiles by combining microwave and infrared brightness temper-
atures. This paper proposes a conjoint inversion algorithm to retrieve snow temperature profiles
by combining multi-frequency microwave brightness temperature (BT) with infrared BT, in which
different weight functions of microwave BT at different frequencies are adopted, and the atmosphere
influence has also been corrected. The snow temperature profile data are retrieved based on AMSR2
microwave BT data and MODIS infrared BT data in 2017 and 2018, which are evaluated by comparing
with the measured snow temperature at Dome-C station. The results confirm that the inverted
snow temperature profiles are consistent with the field observation data from the Dome-C station.
Multi-frequency microwave brightness temperature can be used to invert the snow temperature
profiles; however, the inverted snow surface temperature is more accurate by combining the infrared
BT with the microwave BT in the conjoint inversion algorithm.

Keywords: conjoint inversion algorithm; snow temperature profiles; microwave brightness tempera-
ture; infrared brightness temperature

1. Introduction

As an important part of the earth system, Antarctica’s ice sheet not only plays an
important role in the study of surface heat balance, atmospheric circulation, sea level
rise and fall, ocean physics, and biogeochemical cycles but also stores a large amount of
information reflecting the global climate and ecological environment changes [1].

As one of the basic characteristic parameters of an ice sheet, accurate snow temperature
profiles above the ice sheet is not only a boundary condition for establishing an ice sheet
dynamics model and estimating ice sheet mass balance but also an important variable
for studying ice sheet isostatic adjustment, ice sheet dynamics [2], and global sea level
change [3].

Up to now, the snow temperature profiles are usually obtained in situ in a limited
number of boreholes [4,5], which can be very accurate, but the samples are too sparse
to represent the whole continent. Remote sensing of snow temperature by spaceborne
radiometers was limited to the snow surface or at a single depth by using thermal infrared
sensors [6] and microwave passive sensors [7]. Processed MODIS snow surface temperature
data were compared with in situ hourly measurements of surface temperature data with a
bias ranging from −1.8 ◦C to 0.1 ◦C, and root mean square error ranging from 2.2 ◦C to
4.8 ◦C in Freville’s research [6]. Brogioni used the microwave BT at 19 GHz and 37 GHz to
invert the snow temperature at 1 m depth, with RMSE around 1 K [7].

The snow surface temperature can be inverted from infrared BT or microwave BT.
Combining infrared BT and microwave BT to invert snow surface temperature is helpful in
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improving the accuracy of snow surface temperature. Meanwhile, microwaves with differ-
ent frequencies have different penetration depths in snow, indicating that the microwave
brightness temperature (BT) contains information on snow temperature at different depths.
Thus, it is better to invert the snow temperature profiles by combining multi-frequency
microwave BT and infrared BT.

This paper proposes a conjoint inversion algorithm to invert snow temperature profiles
by combining microwave BT from AMSR2 with infrared BT from MODIS. The MODIS BT
data are weighted by microwave antenna pattern, while the weight functions are applied
to the AMSR2 BT data, and the atmospheric correction is also taken into consideration. The
results are evaluated by comparing them with the measured snow temperature at Dome-C
station in 2017 and 2018.

The paper is structured as follows. Section 2 provides the data sources used in this
study. Section 3 describes the methodology used for snow temperature profile inver-
sion. Sections 4 and 5 are devoted to the presentation of the obtained results and to their
discussion, respectively. Finally, Section 6 presents the main conclusions of the study.

2. Data

The input data are microwave and infrared data. We choose the input data from
AMSR2 and MODIS to reduce the influence of time-space mismatch because the satellites
GCOM-W1 (equipped with the microwave radiometer, AMSR2) and Aqua (equipped with
the infrared radiometer, MODIS) are in parallel operation (both belong to A-Train) [8]. The
verification data of snow temperature profiles are obtained from Dome-C scientific station.

2.1. Input Data
2.1.1. AMSR2 Data

The AMSR2 BT data are provided by the G-Portal website (https://gportal.jaxa.jp,
accessed on 28 April 2022), including the channels of 6.93 GHz, 10.63 GHz, 18.7 GHz,
23.8 GHz, 36.5 GHz, and 89.0 GHz with both V and H polarization. AMSR2 was launched
on GCOM-W1 in May 2012 with the main mission of monitoring the global water cycle [8].
Table 1 shows the frequency, polarization, and spatial resolution of the channels. Because
the 6.93 GHz brightness temperature is essential for remote sensing of snow temperature in
deep layers, the BT data of all channels need to be processed by quality control, resampled,
and matched to the resolution of the 6.93 GHz channel. The processed BT can be obtained
from the L1 R brightness temperature provided by the G-Portal website.

Table 1. The frequency, polarization, and spatial resolution of channel i.

i Frequency and Polarization i Frequency and Polarization Spatial Resolution

1 6.93 GHz, v 2 6.93 GHz, h 62 km× 53km
3 10.65 GHz, v 4 10.65 GHz, h 42 km× 24km
5 18.7 GHz, v 6 18.7 GHz, h 22 km× 14km
7 23.8 GHz, v 8 23.8 GHz, h 26 km× 15km
9 36.5 GHz, v 10 36.5 GHz, h 12 km× 7km
11 89.0 GHz, v 12 89.0 GHz, h 5 km× 3km

2.1.2. MODIS Data

The MODIS BT data are provided by MODIS Characterization Support Team (https:
//ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD021KM, ac-
cessed on 13 May 2022). Aqua was launched successfully on 4 May 2002 with MODIS [9]. The
11 µm and 12 µm channels of MODIS have a spatial resolution of 1 km, which are both used to
retrieve surface temperature because radiation from Earth’s surface in these spectral regions
is only weakly attenuated by the atmospheric constituents [10]. The temperature and water
vapor profiles used to calculate atmospheric parameters are from MODIS Science Team (https:
//ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD07_L2, ac-
cessed on 12 May 2022). Only MODIS data in the clear sky are used in this paper.

https://gportal.jaxa.jp
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD021KM
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD021KM
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD07_L2
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD07_L2
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2.2. Verification Data

The data observed at Dome-C scientific station are used to assess the accuracy of the
inverted snow temperature profiles. The snow temperature profiles are recorded every hour
by Dome-C scientific station (http://www.climantartide.it, accessed on 22 April 2022). Dome-
C scientific station was established jointly by Italy and France. The Dome-C scientific station
is located in the middle of the East Antarctic plateau (75.1◦S, 123.35◦E). This website provides
snow temperature data for 5 cm, 10 cm, 25 cm, 50 cm, 100 cm, 150 cm, 200 cm, 250 cm, 300 cm,
400 cm, 500 cm, and 1000 cm depths under the snow at Dome-C scientific station.

3. Methods

This paper proposes a conjoint inversion algorithm to retrieve snow temperature profiles
by combining multi-frequency microwave BT with infrared BT. Figure 1 shows the differences
in penetration depth and spatial resolution between microwave and infrared remote sensing
for snow temperature profiles and shows that atmospheric factors cannot be ignored. Thus,
the conjoint inversion algorithm takes the following aspects into consideration.
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Figure 1. Illustration of the differences in penetration depth and spatial resolution between microwave
and infrared remote sensing for snow temperature.

1. The infrared BT and the microwave BT received from space are both affected by the
atmosphere. In order to accurately invert snow temperature profiles, it is necessary to
adopt atmospheric correction for microwave BT and infrared BT.

2. Considering that infrared and microwaves at different frequencies have different pen-
etration depths in snow, the snow temperature profiles can be retrieved by combining
multi-frequency microwave and infrared BT. The weight functions of microwave BT at
different frequencies are applied because the penetration depths in snow are different
at different frequencies.

3. Considering that the spatial resolution of infrared is higher than that of microwaves,
the infrared BT data are synthesized in each microwave footprint by the normalized
microwave antenna pattern weighting method to match the microwave and infrared
BT data in the footprint [11].

Section 3.2 analyzes the relationship between brightness temperature and snow tem-
perature. Based on the analysis, the conjoint inversion algorithm is proposed in Section 3.3,
and inversion steps are shown in Section 3.4.

http://www.climantartide.it
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3.1. Atmospheric Correction

According to the radiation transfer theory, the BT that the spaceborne infrared ra-
diometers receive is affected by atmospheric scattering. Meanwhile, BT received by the
spaceborne microwave radiometers is partially absorbed by the atmosphere. Different
atmospheric correction methods are used for microwave and infrared. The influence of
the atmosphere is eliminated in infrared surface temperature inversion by comparing
absorption property differences of 10.4~12.9 µm thermal infrared band [12].

Based on the radiation transfer model, atmospheric correction is adopted for the
microwave BT [13]:

TB = TBU + τTBg , (1)

TBg = TBs + R(TBD + τTcold) , (2)

where TB is the BT received by a microwave radiometer, which is called the top atmosphere
BT; τ is the atmospheric transmissivity; TBg is the surface BT; TBU and TBD are the upwelling
atmospheric BT and the downwelling atmospheric BT, respectively; R is the surface reflectivity;
TBs is the brightness temperature from snow, and Tcold = 2.7 K is the cold space BT.

TBU , TBD, and τ are calculated as follows [13]:

TBU =
∫ TOA

0
αa(z)Ta(z)τ(z, TOA)dz , (3)

TBD =
∫ TOA

0
αa(z)Ta(z)τ(0, z)dz (4)

τ(z1, z2) = exp
[
−
∫ z2

z1

αa(z)dz
]

, (5)

where αa(z) represents the absorption coefficient of the atmosphere which can be calculated
by the water vapor and air temperature according to Wentz’s work [14]; TOA means the
top of the atmosphere; Ta(z) represents air temperature at z (m) above the surface. The air
temperature and water vapor profile data used to calculate atmospheric parameters are
from MODIS.

The snow BT can be obtained by:

TBs = (TB − TBU)/τ − R(TBD + τTcold) (6)

3.2. Analysis of the Relationship between Brightness Temperature and Snow Temperature

In order to determine the brightness temperature combination form of the inversion
algorithm, the variation trend of brightness temperature with snow temperature should be
analyzed. In this section, we will analyze the relationship between snow temperature and
infrared BT and microwave BT, respectively.

For infrared remote sensing of snow temperature, the penetration depth into snow
is extremely thin at a depth of ~20 µm. The infrared brightness temperature on the snow
surface can be expressed as:

TBs = eTs , (7)

where e is snow emissivity of infrared, Ts is the snow surface temperature. According to
Equation (7), the snow temperature on the surface is linearly correlated with the infrared
brightness temperature.

For microwave remote sensing of snow temperature, the brightness temperature of
snow TBs can be expressed as:

TBs,i = eiαs,i sec(θ)
∫ ∞

0
T(z) exp[−αs,i sec(θ)z]dz (8)

where ei is snow emissivity of microwave channel i, which mainly depends on the snow
grain size and the snow density [15]. αs,i is the absorption coefficient and scattering
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coefficient in snow, which is related to the frequencies of microwaves, so microwaves at
different frequencies have different penetration depths in the snow. θ is the incidence angle,
T(z) is the snow temperature profile, and z is the vertical depth of the snow. If the snow is
divided into n layers of thickness ∆z, Equation (8) can be written as Equation (9). Because
the change of the emissivity at a given location with time is negligible [16], according to
Equation (9), the snow microwave BT has a linear relationship with the snow temperature.

TBs,i = eiαs,i sec(θ)∑
n

T(z) exp[−αs,i sec(θ)z]∆z (9)

The microwave BT is related to the snow temperature profile and penetration depth,
and microwaves at different frequencies have different penetration depths; thus, the vari-
ation amplitude of microwave BT at different frequencies caused by the change of snow
temperature at different depths is also different.

The brightness temperature change ∆TBs,i caused by two different snow temperature
profiles T1(z′) and T2(z′, z) is:

∆TBs,i(z) = eαs,i sec(θ)
∫ ∞

0

(
T2
(
z′, z

)
− T1

(
z′
))

exp
[
−αs,i sec(θ)z′

]
dz′ , (10)

T2
(
z′, z

)
= T1

(
z′
)
+ ∆T(z) =

{
T1(z′) + ∆T(z), z′ = z

T1(z′), z′ 6= z
(11)

where ∆TBs,i(z) represents the BT change of microwave channel i when the snow tem-
perature profile changes from T1(z′) to T2(z′, z). Therefore, we can analyze the variation
amplitude of the brightness temperature of different frequencies due to the snow tempera-
ture variation at different depths.

When inverting snow temperature by linear combination of microwave BT, microwave
BT can be weighted, and the weight functions can be expressed as:

wi(z) = ∆TBs,i(z)/ ∑
i

∆TBs,i(z) (12)

Considering the linear relationship between BT and snow temperature, the microwave
BT and the infrared BT data are linearly combined in the conjoint inversion algorithm,
while the different weight functions of microwave BT at different frequencies are applied
because the penetration depths in snow are different at different frequencies.

3.3. Conjoint Inversion Algorithm of Snow Temperature Profiles

The conjoint inversion algorithm is derived by linear combination of infrared BT and
weighted microwave BT and considering atmospheric correction:

T(z) = a0(z) + f IR

(
Tbj, θ, z

)
+ fMW(TBs,i, TBa,i, z) i = 1, 2, . . . , 12; j = 11, 12 (13)

where T(z) is the snow temperature at z (m) depth; a0(z) is regression coefficient; f IR

(
Tbj, θ, z

)
is the infrared term; fMW(TBs,i, z) is the microwave term.

The infrared term f IR

(
Tbj, θ, z

)
uses the form of surface temperature algorithm [10,12,17]:

f IR

(
Tbj, θ, z

)
= a1(z)Tb11 + a2(z)∆Tb11−12 + a3(z)∆Tb11−12(sec θ − 1) , (14)

where an(z)(n = 1, 2, 3) are regression coefficients; θ is the zenith angle; Tb11 and Tb12 are
the synthesis infrared BT at 11 µm and 12 µm. The synthesis infrared BT is the integral of
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infrared BT weighted by microwave antenna pattern [11]. ∆Tb11−12 = Tb11− Tb12. ∆Tb11−12
is used for atmospheric correction. Tbj(j = 11, 12) are obtained from Equation (15):

Tbjn =

s
F Gn(x, y)Tb_j(x, y)dxdy

s
F Gn(x, y)dxdy

j = 11, 12 , (15)

where Tb_11 and Tb_12 are the infrared BT at 11 µm and 12 µm respectively; Gn(x, y) repre-
sents the normalized microwave antenna pattern corresponding to the specific observation.
F refers to the coverage of infrared data within the microwave footprint [11].

The microwave term fMW(TBs,i, TBa,i, z) can be expressed as:

fMW(TBs,i, TBa,i, z) = a4(z)
12

∑
i=1

wi(z)TBs,i + ∑
i=1,3,5,7,9,11

bi(z)TB,ai (16)

where a4(z) and bi are the regression coefficient; wi(z)(i = 1, 2, . . . , 12) are weight func-
tions from Equation (12); subscript i of wi and TBs,i means the channel i of AMSR2 (see
Table 1). TBs,i is the BT above the snow surface, which can be obtained from Equation (6).
TB,ai = TBD,i + τTcold is the auxiliary term for atmospheric correction of the corresponding
frequency band.

The conjoint inversion algorithm is also applicable to the inversion of snow tem-
perature separately from microwave or infrared. When there are no infrared BT data,
microwave BT data can be used to invert snow temperature profiles with Equation (13),
in which f IR

(
Tbj, θ, z

)
is set to 0. When there are no microwave BT data, the snow surface

temperature data can be inverted from infrared BT data with fMW(TBs,i, TBa,i, z) set to 0 in
Equation (13).

3.4. Inversion Steps

Figure 2 shows the inversion steps of snow temperature profiles.
Remote Sens. 2023, 15, x FOR PEER REVIEW 7 of 17 
 

 

Parameters

Radiation 
Transfer Model

Derive Coefficients for 
Conjoint Inversion 

Algorithm

Conjoint Inversion 

Evalulate Algorithm Peformance

Atmospheric Correction 

MEMLS

Match

Input Data:
 Microwave Data (AMSR2)

Infrared Data (MODIS)

Snow 
Emission

Weight 
Function

Algorithm 
Coefficiens

Simulated Microwave 
and Infrared TB

Verification Data:
 The Dome-C Data

Retrieved Snow 
Temperature Profiles

Microwave TB and 
Infrared TB

Microwave TB
(AMSR2)

Atmosphere 
Parameters
(MODIS)

Infrared TB
(MODIS)

 
Figure 2. Inversion steps of snow temperature profiles. 

For the emission of snow, because the wavelength of microwave frequency in 5~100 
GHz is close to snow particle size, the scattering effect caused by snow grain can not be 
ignored. A number of snow emission radiative transfer models have been developed 
based on a range of theoretical assumptions [18–20]. Pan compares the basic theories of 
two models: the multiplayer Helsinki University of Technology (HUT) model [19] and the 
microwave emission model of layered snowpacks (MEMLS) [18,21], and finds that 
MEMLS performs better [22]. Wiesmann and Mätzler have developed the MEMLS based 
on radiative transfer, using the six-flux theory to describe multiple volume scattering and 
absorption, including radiation trapping due to internal reflection and a combination of 
coherent and incoherent superposition of reflections between layer interfaces [18,21]. The 
input parameters of MEMLS include frequency (GHz), incidence angle (°), snow temper-
ature profile (°C), snow correlation length profile (mm) (can be calculated by snow grain 
size profile [23]), and snow density profile (kg/m3). 

The specific inversion steps are as follows. 
1. The parameters of snow density and snow grain size required for MEMLS calculation 

of brightness temperature come from the Dome-C station. Microwave frequencies 
are set to 6.93 GHz, 10.65 GHz, 18.7 GHz, 23.8 GHz, 36.5 GHz, and 89.0 GHz, accord-
ing to the AMSR2 parameters. The incidence angle is set to 55.3°. The snow temper-
ature profile was obtained from Dome-C station at 0 UCT on 1 January 2017. Snow 
grain size profiles are obtained from Macelloni’s work [24]. Measurements showed 
that the density fluctuations are larger near the surface and tend to disappear as a 
function of depth [16]. The average snow density profile used in this paper is from 
[25]: 𝜌(𝑧) = (0.922 − 0.573 exp[−0.0163z]) × 10ଷ, (17)

Then, the weight functions 𝑤(𝑧), can be calculated by Equation (12). Figure 3 shows 
the weight of microwave BT at different frequencies. 

Figure 2. Inversion steps of snow temperature profiles.

For the emission of snow, because the wavelength of microwave frequency in 5~100
GHz is close to snow particle size, the scattering effect caused by snow grain can not be
ignored. A number of snow emission radiative transfer models have been developed
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based on a range of theoretical assumptions [18–20]. Pan compares the basic theories of
two models: the multiplayer Helsinki University of Technology (HUT) model [19] and
the microwave emission model of layered snowpacks (MEMLS) [18,21], and finds that
MEMLS performs better [22]. Wiesmann and Mätzler have developed the MEMLS based
on radiative transfer, using the six-flux theory to describe multiple volume scattering
and absorption, including radiation trapping due to internal reflection and a combination
of coherent and incoherent superposition of reflections between layer interfaces [18,21].
The input parameters of MEMLS include frequency (GHz), incidence angle (◦), snow
temperature profile (◦C), snow correlation length profile (mm) (can be calculated by snow
grain size profile [23]), and snow density profile (kg/m3).

The specific inversion steps are as follows.

1. The parameters of snow density and snow grain size required for MEMLS calculation
of brightness temperature come from the Dome-C station. Microwave frequencies are
set to 6.93 GHz, 10.65 GHz, 18.7 GHz, 23.8 GHz, 36.5 GHz, and 89.0 GHz, according
to the AMSR2 parameters. The incidence angle is set to 55.3◦. The snow temperature
profile was obtained from Dome-C station at 0 UCT on 1 January 2017. Snow grain
size profiles are obtained from Macelloni’s work [24]. Measurements showed that the
density fluctuations are larger near the surface and tend to disappear as a function of
depth [16]. The average snow density profile used in this paper is from [25]:

ρ(z) = (0.922− 0.573 exp[−0.0163z])× 103, (17)

Then, the weight functions wi(z), can be calculated by Equation (12). Figure 3 shows
the weight of microwave BT at different frequencies.
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2. Based on the observed snow density and snow grain size at Dome-C station, we
set up a scenario where snow temperature at different depths is randomly varied
from −80 ◦C to −10 ◦C. About 40,000 scenes are generated in this manner. The
microwave and infrared BT calculated from the theory of radiative transfer model
are used as the input data to fit the parameters of Equation (13), and the coefficients
an(z)(n = 0, 1, 2, 3, 4) are determined.

3. We match the AMSR2 BT data, MODIS BT data, MODIS air temperature profile data,
and MODIS water vapor profile data from 1 January 2017 to 31 December 2018 within
the microwave footprint corresponding to the specific observation in space and 1 h in
time. The normalized microwave antenna pattern Gn(x, y) is obtained from 6.93 GHz
antenna pattern of AMSR2.
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4. Based on the atmospheric parameters provided by MODIS, atmospheric correction is
applied to AMSR2 microwave BT.

5. The snow temperature profile data are obtained by inversion according to Equa-
tion (13), and the data observed at the Dome-C station are used as the validation data
to evaluate the accuracy.

When there are no infrared BT data, microwave BT data can be used to invert snow
temperature profiles through inversion steps 1, 2, 4, and 5 with f IR

(
Tbj, θ, z

)
is set to 0

in Equation (13). When there are no microwave BT data, infrared BT data can be used to
invert snow surface temperature through inversion steps 1, 2, and 5 with fMW(TBs,i, TBa,i, z)
set to 0 in Equation (13).

4. Results and Analysis

In this section, the snow temperature profiles are retrieved from AMSR2 data and
MODIS data, whereas the data measured at Dome-C station from 1 January 2017 to 31 De-
cember 2018 are used as a comparison reference to evaluate the accuracy of the snow
temperature profiles inverted by the conjoint inversion algorithm.

4.1. Results

The area with the relatively uniform spatial distribution of snow grain size and snow
density has been chosen for the inversion of the snow temperature profiles. This area is
around Dome-C station (74.125◦S~76.125◦S; 119.125◦E~126.125◦E; about 222 km × 201 km).

The conjoint inverted snow temperature profile data near the Dome-C station on
1 April 2017 are shown in Figure 4, in which the pentagram is the location of the Dome-C
station. Figure 4a shows the snow surface temperature in this area, and Figure 4b shows
the snow temperature profile from the snow surface to 10 m depth between 74.125 ◦S and
76.125 ◦S at 123.35 ◦E.
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4.2. Comparison and Verification

The data observed at Dome-C station are used to verify the conjoint inverted snow
temperature profile data. In total, 2756 sets of data were matched in the years 2017 and 2018,
which are used for verification. Figure 5 presents the comparison between the conjoint
inverted snow temperature curve and the observed data at Dome-C station over time at
depths of 0.05 m, 0.5 m, and 10 m from 2017 to 2018.
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Figure 6 presents the comparison between the conjoint inverted snow temperature
profiles and the observed data at Dome-C station at 6:00 on 1 March, 6:00 on 1 June 6:00 on
5 September, and 8:00 on 1 December 2017, representing the four seasons. Figure 7 presents
the temperature difference (∆DT) between the conjoint inverted snow temperature profiles
and the observed data at the Dome-C station. The conjoint inverted snow temperature
profiles can well reflect the trend of snow temperature change with time and depth.



Remote Sens. 2023, 15, 1396 10 of 15

Remote Sens. 2023, 15, x FOR PEER REVIEW 11 of 17 
 

 

temperature profiles can well reflect the trend of snow temperature change with time and 
depth. 

  
(a) (b) 

  
(c) (d) 

Figure 6. The comparison between the conjoint inverted snow temperature profiles (circle) and the 
observed data (pentagram) at different time (a) 6:00 on 1 March 2017; (b) 6:00 on 1 June 2017; (c) 6:00 
on 5 September 2017; (d) 8:00 on 1 December 2017. 

 

 

 

 

 

 

 

 

 

 

Figure 6. The comparison between the conjoint inverted snow temperature profiles (circle) and the
observed data (pentagram) at different time (a) 6:00 on 1 March 2017; (b) 6:00 on 1 June 2017; (c) 6:00
on 5 September 2017; (d) 8:00 on 1 December 2017.

Remote Sens. 2023, 15, x FOR PEER REVIEW 12 of 17 
 

 

 

  
(a) (b) 

  
(c) (d) 

Figure 7. The temperature difference (∆DT) between the conjoint inverted snow temperature pro-
files and the observed data at Dome-C station at different times (a) 6:00 on 1 March 2017; (b) 6:00 
on 1 June 2017; (c) 6:00 on 5 September 2017; (d) 8:00 on 1 December 2017. 

As seen in Figures 5–7, the fluctuations of the conjoint inverted snow temperature 
profiles are larger near the snow surface and substantially decrease with depth, which is 
consistent with the snow temperature profile measured at Dome-C station. 

Figure 8 presents the frequency histogram of the temperature difference (∆DT) be-
tween the conjoint inverted snow temperature profiles and observed data at 0.05 m, 1.5 
m, and 10 m depths, respectively. The figure shows the temperature difference at different 
depths is normally distributed. 
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As seen in Figures 5–7, the fluctuations of the conjoint inverted snow temperature
profiles are larger near the snow surface and substantially decrease with depth, which is
consistent with the snow temperature profile measured at Dome-C station.

Figure 8 presents the frequency histogram of the temperature difference (∆DT) be-
tween the conjoint inverted snow temperature profiles and observed data at 0.05 m, 1.5 m,
and 10 m depths, respectively. The figure shows the temperature difference at different
depths is normally distributed.
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The conjoint inverted snow temperature profile data are compared with the observed
data from the Dome-C station. Due to the small annual variation of snow temperature in
the deep layer, we add the relative accuracy parameter to assess the accuracy of the conjoint
inverted snow temperature profiles in addition to the mean bias and standard deviation.
The relative accuracy is defined by the following formula:

Ra(z) =
Std(z)

1
n ×∑n

k=y1
(max(Tk(z))−min(Tk(z)))

× 100% , (18)

where Std(z) is the standard deviation of the results at z (m) depth. max(Tk(z)) and
min(Tk(z)) are the maximum and minimum snow temperature at z (m) depth in the year
of k, respectively. y1 = 2013 is the start year, and n = 6 means that 6 years of data are used
to calculate max(Tk(z)) and min(Tk(z)).

The results are shown in Table 2. For example, the mean value and standard deviation
of snow temperature difference obtained from inversion are 0.1967 ◦C and 2.1617 ◦C at
0.05 m depth, with −0.0153 ◦C and 0.0870 ◦C at 10 m depth, respectively. The Std of the
conjoint inverted snow temperature is smaller at the deeper layer than that of the snow
surface. The relative accuracy of snow temperature inversion for the snow layer within
1 m is about 4%, which is less than that for the deeper layer. This is because the microwave
BT in deep layers is less than that in shallow layers. However, under the depth of 4 m, the
snow temperature changes very little, and a small inversion difference can be obtained, so
the relative accuracy begins to decrease with the increase in depth.
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Table 2. Accuracy of the conjoint inverted snow temperature profiles (microwave snow temperature
profiles and infrared snow surface temperature included for comparison).

Depth (m)

Conjoint Inverted Snow Temperature
Profiles

Microwave Snow Temperature
Profiles

Infrared Snow Surface
Temperature

Mean
Bias (◦C)

Standard
Deviation (◦C)

Relative
Accuracy (%)

Mean
Bias (◦C)

Standard
Deviation (◦C)

Mean
Bias (◦C)

Standard
Deviation (◦C)

0.05 0.1967 2.1617 4.0231 0.2421 3.1446 0.5051 5.5638
0.10 0.1784 2.0811 4.2244 0.2311 2.8452 0.5808 5.7783
0.25 0.0512 1.8323 4.0854 0.0691 1.9857 0.5839 8.5215
0.50 0.0339 1.3841 3.9550 0.0503 1.4089 0.5957 10.1488
1.00 0.1377 1.2678 4.6491 0.2265 1.2419 - -
1.50 0.3111 1.9498 13.2172 0.5056 2.0461 - -
2.00 0.0226 1.6843 14.6921 0.0146 1.7301 - -
2.50 0.2732 1.5089 16.7210 0.4752 1.5831 - -
3.00 0.2210 1.2364 19.1216 0.3499 1.2220 - -
4.00 0.1578 0.8489 18.5188 0.2727 0.8598 - -
5.00 0.0928 0.4999 16.3473 0.1475 0.5741 - -
10.00 −0.0153 0.0870 13.0631 −0.0206 0.0845 - -

Here, we compare the conjoint inverted snow temperature profile data with the snow
temperature data inverted from microwave or infrared BT separately. The snow tempera-
ture profiles are inverted from microwave BT with Equation (13), in which f IR

(
Tbj, θ, z

)
is

set to 0, and the coefficients an(l) are retrained. The snow surface temperature is inverted
from infrared BT following Hall’s work [10,12,17]. The accuracy of snow temperature data
inverted from microwave or infrared BT is also shown in Table 2. Because the shallowest
depth of measured snow temperature at Dome-C station is 0.05 m, which is deeper than the
penetration depth of infrared in the snow, the accuracy of infrared snow surface tempera-
ture inversion is worse than that of microwave snow temperature inversion and becomes
worse with the increase in depth. The comparison in Table 2 shows that, within the depth
of 0.1 m, the mean bias and standard deviation of the conjoint inverted snow temperature
profiles are smaller than the results of microwave inversion or infrared inversion, indicat-
ing that the addition of infrared BT can improve the inversion accuracy of snow surface
temperature.

5. Discussion

In Section 3, it is shown that two parameters, snow grain size, and snow density, are
required for retrieving snow temperature profiles. If snow grain size and snow density
can be obtained in the whole target area, snow temperature profiles in this area can be
retrieved. Up to now, these snow physical parameters are usually obtained from in situ
measurements, which limits the application of the conjoint inversion algorithm.

In this section, the polarization ratio P is defined to analyze the area with relatively
uniform spatial distribution of snow grain size and snow density. If the value of P is stable
in an area, it can be considered that snow grain size and snow density in this region are
uniform. The snow temperature profiles of the whole area can be retrieved by using the
snow particle size and snow density at one location in this area, which can expand the
application of the conjoint inversion algorithm.

The polarization ratio P is defined as the ratio of V polarization BT to H polarization BT:

P =
TBv
TBh

=
TBU + τevTe f f + τ(1− ev)Ta

TBU + τehTe f f + τ(1− eh)Ta
=

(TBU + τTa)/τ
(

Te f f−Ta

)
+ ev

(TBU + τTa)/τ
(

Te f f−Ta

)
+ eh

, (19)
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where the effective temperature Te f f measured by microwave is an integration of the
temperature profile across the penetration depth [26]:

Te f f = αs sec(θ)
∫ ∞

0
T(z) exp[−αs sec(θ)z]dz, (20)

In Equation (19), TBU and τ can be calculated by temperature and water vapor profiles.
TBU and τ are 5 K and 0.987 at 19 GHz, respectively [26]. According to the microwave pen-
etration depth [27] in snow, Te f f is estimated by Equation (20), and the value of TBU/τTe f f
is about 0.04, which only accounts for about 4% of the emissivity. The main factors affect-
ing the change of snow emissivity are snow grain size and snow density [28]. Figure 9
shows the polarization ratio near Dome C station (74.125◦S~76.125◦S; 119.125◦E~126.125◦E;
about 222 km × 201 km). The value of P in this area is almost stable, indicating that the
distribution of snow grain size and snow density in this area is relatively uniform. The
snow temperature profile of the whole area can be obtained by using the snow grain size
and snow density observed at the Dome-C station. As in Section 4.1, the area around the
Dome-C station with the relatively uniform spatial distribution of snow grain size and
snow density has been selected.
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6. Conclusions

Microwave BT contains information on snow temperature at different depths, while
infrared BT reflects the temperature of the snow surface. Thus, snow temperature profiles
can be retrieved by combining multi-frequency microwave BT with infrared BT. In addi-
tion, different weight functions are necessary for microwave BT at different frequencies
because of the different penetration depths of different frequencies. A conjoint inversion
algorithm for inverting snow temperature profiles is developed by combining weighted
multi-frequency microwave BT with synthesis infrared BT. The synthesis infrared BT is
the integral of infrared BT weighted by microwave antenna pattern, while the weight
functions are applied to the microwave BT, and the atmospheric correction is also taken
into consideration.

The snow temperature profile data are retrieved based on AMSR2 microwave BT data
and MODIS infrared BT data in 2017 and 2018, which are evaluated by comparing with
the measured snow temperature data at the Dome-C station. The change of the conjoint
inverted snow temperature is consistent with the observation data from the Dome-C station
over time at different depths. The mean bias and standard deviation of the conjoint inverted
snow temperature are smaller at the deeper layer than that of the snow surface, and the
relative accuracy of the conjoint inverted snow temperature is worse at the deeper level than
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that of the snow surface. Multi-frequency microwave brightness temperature can be used
to invert the snow temperature profiles; however, the inverted snow surface temperature
is more accurate by combining the infrared BT with the microwave BT in the conjoint
inversion algorithm.
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