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Abstract

The in situ measurements of snow surface temperature (SST) and snow height (SH) are very difficult with high costs, particularly in
Greenland Ice Sheet (GrIS). Since the snow depth variations coupling with surface temperature are related to GPS multipath, it is pos-
sible to estimate the snow depth and surface air temperature variations by incorporating GPS-Reflectometry (GPS-R). In this paper, the
reflected signals from ground GPS receivers are used to sense the SST and SH variations based on the thermophysical behavior and vari-
ations of snow layer from April to June 2010 at SMM 1 site and from March to December 2010 at MARG site in Greenland. The results
show that the mean daily changes in the ionospheric geometrical-free linear combination (GPS-L4) of dual-frequency GPS signals are
related to daily SST and SH variations. The nonparametric bootstrapping model in direct (forward) and inverse models are developed
and applied to estimate the SST and SH variations. The mean biases of SST and SH estimates are 0.18 °C and 0.23 m at SMM1 site,
respectively, and 3.8 °C and 0.13 m at MARG site, respectively.
© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The continental ice sheets are frozen with volume
changes related to the temperature and snowfall, which
affect and are affected by the changes of Earth’s climate. It
also plays a significant role in the study of global and regio-
nal water cycle and mass energy balance (Jin et al., 2013).
For example, the melting ice sheets and snow in Antarctic
and Greenland are causing sea level rise with input fresh
water from continental glaciers due to human-induced glo-
bal warming (Rignot and Kanagaratnam, 2006; Rignot
et al., 2011). Therefore, it is important to accurately estimate
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the ice sheets volume variations in very cold regions, like
Greenland and Antarctica. Although the Greenland Ice
Sheet (GrIS) is the second largest glacier in the world after
Lambert Glacier located in East Antarctica (Diamond,
1960), it has an important impact on global sea level changes
(Krabill et al., 2000; Cogley, 2004). Moreover, the dynamic
GrISs reacts to the changes in the boundary conditions
(Fausto et al., 2009).

The snow height (SH) and snow surface temperature
(SST) dominate the climate change and hydrologic cycle
as well as the energy exchange between the terrestrial sur-
face, snowpack and the atmosphere. SH and SST are tradi-
tionally measured by special in situ instruments and sensors,
however, it is very difficult to monitor global high temporal-
spatial snow depth and near surface air temperature varia-
tions due to high costs and hard labor intensity (Li et al.,
2013). Furthermore, when the precipitation reaches the
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ground surface, it begins to form as snow in the high
atmosphere. These snowflakes form in above layers of atmo-
sphere where the air temperature is less than 0 °C and start
to fall toward the Earth’s surface as snow. If the falling snow
passes through the freezing level into the warmer air layer or
arrives at snow surface with higher temperature than snow-
flake itself, it would be melt to the rain or runoff before
reaching the snow surface. In addition, SST is also related
to the snow melting and snow accumulating as well as the
formation (Dreyfus et al., 2010).

Nowadays, the GPS reflected signals with the dual-
frequencies on the frozen water (e.g. snowpack, ice caps,
glaciers, etc.) allow us to detect the reflected surface charac-
teristics (Martin-Neira, 1993; Elosegui et al., 1995; Hannah,
2001; Jin and Komjathy, 2010; Jacobson, 2010; Jin et al.,
2010, 2011; Larson and Nievinski, 2012). Ozeki and Heki
(2012) showed the snow depth retrieved from the geometry
free linear combination of GPS observations in Japan. In
this paper, SST and SH variations are estimated and inves-
tigated using the multipath signals as GPS-L4 fluctuations
from ground GPS receivers in Greenland, where wide snow-
pack, ice sheets and permafrost are available in the whole
days of year. Moreover, the thermophysical behavior of
snow layer with SH, SST and GPS-L4 variations are
assessed and nonparametric bootstrapping model is
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developed in both direct and inverse modeling. Some results
on the SST and SH variations from the inverse of bootstrap
model are compared with the meteorological data. Finally,
conclusions are given as well as discussions.

2. Theory and methodology
2.1. Thermophysical behavior of snow

The snow-covered surface has a dynamic reaction to the
climate change in different regions (Bavay et al., 2013),
depending mostly on the length of snow falling and melting
seasons in addition to the characteristics of snow (grain
size, density, etc.) and the geomorphology of area (Rodder
and Kneisel, 2012). The key to assess the SST-SH changes
is referring to thermophysical properties of snow as a non-
isolated medium. The flux of heat at one dimension is given
by Fourier equation as (Armstrong and Braun, 2008):

oT
where F is the flux of heat, k. is the effective thermal con-
ductivity, T is the temperature degree (in Kelvin) and d is
the special coordinate along the direction of flow. Consid-
ering the snow layer as thermal advective—diffuse heat
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Fig. 1. Snow height and snow surface temperature interactions with GPS signals.
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transfer equilibrium, the heat exchange can be occurred at
the special time span (¢) in a special direction coordinate as
follow:

oT oTr 0 oT
PsCps -+ PPRCpVK d - od [kEff 8x] +q (2)

ot
where T, dand k,jare the same definitions in Eq. (1), p,is the
density of normal snow (127 kg/m?), v is the flow velocity of
fluid &k (according to the layer of snow if it includes air (k = a)
or water (k=1), and ¢, is the specific heat coefficient of
snow, which depends on snow density and the specific heat
coefficient of water (c,;=42171] kg ' K1), specific heat
coefficient of air (¢, , = 1005J kg ! K1) and specific heat
coefficient of ice (c,;=2114] kg ' K" (Fukusako,
1990), g and ¢ denote the heat source (mostly near surface
air temperature) and the ratio of heat flow in the pure snow,
respectively.

According to Egs. (1) and (2), the flow of heat in the
snow layer is a function of thermodynamic parameters of
not only the snow but also the water, ice and air, which
exist in the snow layer. If there is no water, ice or air in
the snow and the snow is considered as a completed shaped
snow (idealistic snow layer), the heat transfer is more
straightforward rather than Egs. (1) and (2). Thus, the
Egs. (1) and (2) will be simplified as the flow of heat con-
duction in the snow medium given as follow (Albert and
McGilvary, 1992):

H=—L;S (3)

where H stands for the thermal source term, S stands for
the melt or freeze phase change and L defines as the fol-
lowing two terms on occasion:

— in snow accumulation; L; as L; is the latent heat of
fusion,

—in snow melting; L; as L, is the latent heat of
sublimation.

Fig. 2. Locations of co-located GPS and meteorological stations in
Greenland.

It should be noted that if the fluid (air or water) flows
through the snow layer, the heat transport will take place
as a function of advective and diffusive processes. In this
study, we assume that the snow layer is a complete snow
without any water, air or even any other extraneous
elements inside it (e.g. vegetation layer, floral substances,
etc.). From Eq. (3), the decrease in snow depth is certainly
resulted from the increase in the near surface air tempera-
ture and vice versa, It should note valid in the dynamic
climate conditions.

2.2. GPS reflected signals from carrier phase and
pseudorange

GPS reflected signals would result in the multipath, which
are the errors for GPS navigation and positioning. It is
highly dependent on the environment around the GPS recei-
ver and not well cancelled by the differencing techniques,
since it is a highly localized phenomenon and depends on
the type of antenna and the tracking loop algorithms of
the receiver. However, the GPS reflected signals can be con-
sidered as a useful signal to identify the characteristics of sur-
rounding GPS’s receiver environment (Jin et al., 2011). The
GPS multipath can be extracted using the ionospheric free
geometrical linear combination as follows:

__ f
ft=r =5

GPS — L4 = Oy = x @) + x @, (4)
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Fig. 4. GPS-L4, SST and SH variations at SMMI site in Greenland.
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Fig. 5. Thermophysical trend of snow at SMM1 (left) and MARG (right) sites with SH, SST and GPS-L4 variation.

2.3. Connections of GPS-L4, SH and SST changes

where @y is ionospheric free geometrical linear combina-
tion (GPS-L4), fi and f> are GPS frequencies (f| =
1575.42 MHz, f, = 1227.60 MHz), and ®, and @, are the
GPS dual-frequency carrier phase signals.

Elosegui et al. (1995) and Leick (2004) firstly introduced
the mechanism of GPS reflected signals through multipath
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contribution to the signal phase (J®). Fig. | shows the
snow height and snow surface temperature interactions
with GPS signals. The contribution of SH to the GPS
reflected signals was given by Najibi and Jin (2013) as

order to investigate the variation of GPS-L4 with respect
to SH, the variability of GPS-L4 with respect to the
changes of the GPS antenna height for GPS dual-frequency

signals (4; = 0.1902 and 7, = 0.2442 m) is derived as:
follows:
_, osin(NH) dLA(e, o, H, )  do®(e,o,H,2)
0®(a N, H) = tan 1 + acos(NH ) ) dH - dH
1} dod ,
where H is the height of GPS antenna, « is the reflected sur- = _]sz x dH (00,8, H, Ay)
face characteristic and N = 4n4~ 'sin(g) where A = ¢f ' (c is : 5 ?
the speed of the light) and f'is the corresponding GPS dual- /3 dod

+7X—(O‘a£7H7)‘2) (6)
frequency signals (L, = 1575.42, L, = 1227.60 MHz). In ff-f dd
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where %2 s the changes of GPS reflected signals with
respect to H, and f; and f, are L, and L, corresponding

GPS signal frequencies.
2.4. Non-parametric bootstrapping model

The bootstrapping model was firstly introduced by
Efron (1979) as an alternative approach to deal with the
convoluted data distribution models. The proposed boot-
strapping model builds a sampling distribution for a statis-
tic estimator by resampling the available data, which
performs empirical distribution function (EDF) and
probability density function (PDF) of nonparametric

bootstrapping (Efron and Tibshirani, 1993). Although
EDF and PDF are the most critical functions in construc-
tion of the model, particularly for the inverse direction of
bootstrapping, but EDF estimates the unknown cumula-
tive distribution function (CDF) by giving equal probabil-
ities to the original values (here GPS-L4 variations) and
each output value (here SST and SH), while each one is
independently modeled. Therefore the bootstrap modeled
output’s trend is an empirical normalized sample with
replacement from the original trend. There are many
advantageous with using bootstrapping model. Firstly, it
does not require any distributional assumptions and even
the bootstrap can provide more accurate inferences when
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SMM1 site.

the data are not well behaved uniquely in the entire span as
well as when the sample size is small (Davison and Hinkley,
1997). Secondly, it is possible to apply the bootstrap to the
statistics with sampling distributions that are difficult to
derive even asymptotically. Besides, it is relatively simple
to apply the bootstrap to complex data collection sorts
(e.g. stratified and clustered samples). In this paper, the
changes on SH and then on H are considered as the vari-
ability of GPS-L4 values with respect to H. Moreover,
the connection between SST variations and SH (and then
GPS-L4) are discussed through thermophysical behavior
of snow layer in Section 2.3.

3. Observations and results
3.1. GPS observation data

Two GPS stations SMM1 (72.58°N and 38.46°W) and
MARG (77.19°N and 65.69°W) with nearly two co-located
Greenland Climate Network Automated Weather Stations
(GC-Net-AWS) titled Summit (72.57°N and 38.50°W) and
GITS (77.14°N and 61.04°W) sites are used (Fig. 2).
SMM1 and MARG GPS sites equipped with a receiver type
of AOA-BENCHMARK-ACT and AOA-BENCH-
MARK-ACT as well as antenna type of AOAD/M_B and

1629
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of Colorado, Boulder, USA (Steffen et al., 1996). These

-frequency

TPSCR.G3, respectively. They can receive dual

meteorological stations’ instruments are generally working
based on World Meteorological Organization (WMO) stan-

observations per 30 s continuously. The daily 2880-epoch

observations for 32 satellites are used during 61 days from
April 10 to June 9,2010 at SMM 1 and 286 days from March

dards. The mean daily SST (°C) and SH (m) values are

obtained as average daily values.

station. The average
daily GPS-L4 values from all the feasible observed satellites

observables at SMM1 and MARG stations are extracted

21 to December 31, 2010 at MARG
and used for this study.

3.2. Variability of GPS-L4, SST and SH

The general flowchart of estimating SST and SH varia-
tions is shown in Fig. 3. Although GPS-L4 daily value con-
sists of many varying parameters, but GPS-L4 as multipath
signals mostly varies due to variability of satellite elevation

angle and GPS antenna height (Najibi and Jin, 2013). In

The hourly SST and SH measurements are observed at
two co-located meteorological stations, which are a part of

Greenland Climate Network Automated Weather Station

(GC-NET-AWS) established by Cooperative Institute for

Research in Environmental Sciences (CIRES), University
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this study, since we did not restrict our GPS dual-frequency
signals to specific satellite elevation angles, GPS-L4 values
are mostly subjected to the GPS antenna height variations.

Consequently, the SH changes mostly caused by near sur-
face air temperature variations around the GPS station
may contribute to GPS-L4. Accordingly, the GPS-1.4 value

will be changed after snow melting or snow accumulation
during a period time.

Fig. 4 shows variations of GPS-L4, SH and SST at
SMMI site from April 10 to June 9, 2010. The SST is about

Table 1
Statistics of estimating SST and SH from GPS-L4 values.

Inverse model (GPS)

Station Days Correlation coefficient RMS  _30.7 °C and the GPS-L4 is equal to 6.5 x 10* Magnitude.
SST [°C] When the SST is constant, the GPS-L4 values are stable.
SMMI 61 (100-160) —0.79 0.18 The SST variations affect on the SH values and then
MARG 286 (080-365) 0.69 3.81

GPS reflected signals as GPS-L4. Similarly, SH variations
SH [m] are in consistent with GPS-L4 fluctuations in both

SMMI 61 (100-160) —0.77 0.23 . .
MARG 286 (080-363) o084 013 SMMI1 and MARG sites, particularly where the SH are

SMM1 Site
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Fig. 10. SST from inverse model of bootstrapping model (GPS-L4) and meteorological observations at SMM1 (up panel) and MARG (down panel) sites.
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increasing and the GPS-L4 values

continuously.

are decreasing

3.3. Responses of thermophysical properties of snow surface
to SST variability

The variability of SST with respect to SH changes are
presented in Fig. 5 for both SMM1 and MARG sites with
GPS-L4 changes. While it is assumed that there is no any
other fluids within the snow layers as well as complete
snow, the distribution of SST vs. SH with the GPS-L4 val-
ues is satisfying the Eq. (3) based on the thermophysical
responses of snow layers to the near surface air tempera-
ture variation. The decrease in SST would be resulted in
the increase of SH values and vice versa. Meanwhile, the
GPS-L4 values are changing continuously due to the
changes of GPS reflected signals, which are originated from
the caused phase shift in the GPS scattered signals. The
interactions of SST and SH values and then on GPS-L4
ones can be clearly seen at both SMM1 and MARG sites.

3.4. Nonparametric bootstrapping model

In order to model the GPS-L4 and SST and SH varia-
tions in each specified time span, nonparametric modeling
technique of bootstrapping method is proposed. In general,
the bootstrapping constructs a sampling distribution for a
statistic estimator by resampling from the data at hand.
There are several forms of the bootstrap and additionally
several other resampling methods, such as jackknifing,
cross-validation, randomization tests and permutation tests
(Chernick, 2011). In this study we use nonparametric
bootstrapping modeling to estimate the sampling distribu-
tion of GPS-L4 vs. SST and SH variations without any
assumptions. Besides, the bootstrapping model creates
two confidence intervals, upwards and downwards, which
are very sensitive to but not influenced directly by original
scatters (Figs. 6 and 7).

Since there is no enough information about the type of
measurements, the Monte Carlo simulation cannot be used
(Efron and Tibshirani, 1993). The confidence interval in the
bootstrapping model is a region with a high percentage of
the total distribution relative to model parameters of inter-
est. We used the confidence level of 68.3% and the region
shape of lines for developing the bootstrapping model. In
order to estimate the values of SST and SH from GPS-
L4’s variations at SMM1 and MARG GPS stations, the
inverse model of bootstrapping model is assessed. Fig. 8
and Fig. 9 present the comparison of SST and SH from
the inverse bootstrapping model and the meteorological
centers (AWSs).

The mean bias of SST and SH are 0.18 °C and 0.23 m with
corresponding Pearson correlation coefficient of —0.79 and
—0.77 at SMM 1 site, respectively and 3.8 °C and 0.13 m with
Pearson correlation coefficient of 0.69 and —0.84 at MARG
site, respectively. The model outputs of the proposed boot-
strapping model has an acceptable mean bias (Table 1).

More importantly, it is clearly seen in Fig. 10 that there is
a good agreement between the estimated SST from the
inverse of bootstrap model of GPS-L4 with the meteorolog-
ical data at both SMM1 and MARG sites.

4. Conclusion and discussions

In this paper, the variations of SST and SH are estimated
and investigated from GPS reflected signals at two GPS sites
in Greenland during the year of 2010. The thermophysical
performance of snow layer was taken into account for esti-
mating the SST by means of GPS-L4 values during the snow
accumulating and melting. The results show that the daily
values in the GPS-L4 fluctuations are influenced homoge-
nously by the daily SST and SH variations at SMMI1 site
during 61 days from April 10 to June 9, 2010 and at MARG
site during 286 days from March 21 to December 31, 2010.
Furthermore, the proposed nonparametric bootstrapping
models in both direct (forward) and inverse model give rela-
tively accurate estimates of daily SST and SH variations
from GPS-L4. The mean bias for SST and SH are 0.18 °C
and 0.23 m at SMMI1 site, respectively, and 3.8 °C and
0.13 m at MARG site, respectively.

GPS reflected signals are valuable for the cryosphere and
hydrological studies by measuring SST and SH. This will
provide new opportunities of the current International
GNSS Service (IGS) networks to estimate the climate system
parameters, particularly in high latitudes. Here we demon-
strated the SST and SH estimation from GPS reflected sig-
nals using the nonparametric bootstrapping model under
the thermophysical behavior of an idealistic snow layer. In
the future, it needs more field experiments and data to fur-
ther investigate the SST and SH estimation from GPS
reflected signals with considering various impacts and errors
in different snow types and geographical latitudes.
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