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Abstract— Snow is a critical component of the global watecycle
and climate system, and a major source of water sipfy in many
parts of the world. There is a lack of spatially dstributed
information on the accumulation of snow on land suaces,
glaciers, lake ice and sea ice. Satellite missiofsr systematic
and global snow observations will be essential tanprove the
representation of the cryosphere in climate modelsand to
advance the knowledge and prediction of the water ycle
variability and changes that depend on snow and iceesources.
This article describes the scientific drivers and echnical
approach of the proposed Cold Regions Hydrology Hig
resolution Observatory (CoReH0) satellite mission for snow
and cold land processesThe sensor is a synthetic aperture
radar (SAR), operating at 17.2 GHz and 9.6 GHz, V\and VH
polarizations. The dual-frequency and dual-polarizéion design
enables the decomposition of the scattering signfdr retrieving
snow mass and other physical properties of snow arce.

Keywords —Climate research, earth observation satellite, ges,
snow cover, synthetic aperture radar, water researc

l. INTRODUCTION

Snow influences many facets of science and socttypw
and glacier melt is a basic resource of water fanyrdensely
populated areas of the world, the abundance of wisc
jeopardized by climate change. Significant spatéaid
temporal changes in local, regional and global sweater
storage are implicated in future climate changenades.
Evidence of major changes in snow regimes is actating,

but historical and current snow observing systems a
insufficient to understand and explain these change
especially at local-to-regional scales [1]. In @07 IPCC
report it is emphasized that substantial uncestaiamains in
the magnitude of cryospheric feedbacks within ctemmaodels
[2]. The Integrated Global Observing Strategy (IGOS
Partnership recommends in its Cryosphere Theme rRépo
development and implementation of satellite systeios
spatially distributed measurements of snow watenivadent
(SWE) and other snow properties [3].

In order to close gaps in spatially detailed cryesp
observations, the satellite mission Cold Regionsirbipgy
High-resolution ObservatoryCoReHO), was proposed to the
European Space Agency (ESA) in response to the 2205
for Earth Explorer Core Missions. Part of the miater
presented in this article is based on results & phe-
feasibility study for the mission completed in 20@8. In
January 2009 CoReB was selected by ESA for detailed
feasibility studies (Phase A) commencing in mid<200
Furthermore, the Snow and Cold Land Processes (BCLP
mission was one of the satellite missions recomrmeérior
future National Aeronautics and Space Administratio
(NASA) implementations in the Earth Science Deca&taty
report [5]. Both mission concepts include a duabfrency
(9.6 and 17.2 GHz) synthetic aperture radar (SAR)dhieve
high resolution snow and ice observations.

In Section Il the scientific needs for the missiare
summarized. The measurement physics is explain8édtion
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Fig. 1. The color scale indicates the ratio of accumulaaadual snowfall divided by annual runoff. The lieés indicate the
regions where streamflow is dominated by snownmeltwehere no adequate reservoir storage capacitgtexo buffer shifts in
the seasonal hydrograph. The black lines indicaldittonal areas where water availability is predarantly influenced by

snowmelt generated upstream. (modified from [9]).

[, and the technical concept for the satellitel @ayload is
described in Section IV. The data processing ambros
introduced in Section V. Summary and discussiores ar
given in Section VI.

II.  NEEDS FOR IMPROVED SNOW AND ICE
OBSERVATIONS

The global snow and ice masses (the cryosphere) are
important components of the global climate systd&ime
cryosphere comprises the terrestrial snow covegigls,

ice caps, ice sheets, permafrost, seasonally frgemimnd,

sea ice, lake and river ice, and solid precipitatiof these,
seasonal snow cover and frozen ground on land ddein

in spatial extent and temporal variability, coverimt
maximum about 50% of the land area in the northern
hemisphere. Improving quantification of the intei@as
between the cryosphere and the atmosphere is a
challenging research issue in climate analysis and
modeling. Meeting this challenge requires accurate
observations and modeling of the energy budgetraask
exchange of snow and ice, including their contiing to
fresh-water runoff.

Terrestrial snow cover shows a clear trend of
accelerating retreat since the 1970s, which has begy
pronounced in spring and summer [1], [2]. Changes a
particularly evident in northern high latitudes, evé
warming at almost double the rate for the reshefworld
has been reported over the last 30 years [6], ThEe
changing pattern of atmospheric circulation canyéncer,
also lead to extreme snowfall in some regions 8lis
variability is important to quantify.

Seasonal snowpacks and glaciers store large amounts
of fresh water and are critical components of thetew
cycle [9], [10]. Snow is a major and even a domirgat
source of runoff in many regions of the world (FID.

More than one-sixth of the Earth’s population relien

seasonal snowpacks and glaciers for their watgulg(i@].

If climate warming progresses, the decreasing saod/

ice resources will affect freshwater flows with esv

adverse effects on human health, regional food  riggcu
and biodiversity [11].

The spatial variability of snow accumulation and
depletion is very important for determining theitigh and
amount of snowmelt runoff [12]. Accurate descriptiof
the terrestrial snow cover is also of fundamental
importance for advancing numerical weather foréegst
and the assessment and prediction of climate change
Uncertainties in the magnitudes of snow water gi@rare
very high due to inadequate coverage and accurécy o
snow observations. The climate research and hygicab
communities have stressed the need for high quality
distributed snow cover and snow mass data to lizitia
and validate models of snow accumulation and M&l [

Present snow process models are not sufficiently
accurate to compensate for the lack of observatiguen
point models reveal large uncertainties in simagnow
mass and properties, as the snow model intercosquari
projects SnowMIP [14] and PILPS-2d [15] have shown
(Fig. 2). These difficulties extend from point mési¢o
regional and global models. The second phase of the
Atmospheric Model Intercomparison Project (AMIP-2)
found that GCM simulations of snow extent and mass
show large biases at regional and continental $téle
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Fig. 2. Uncertainty in snow process modeling is illustcht
by comparison of 23 point models (lines) and oleserv
SWE (red dots) at a snow measurement station (&leep
River, Vermont, USA) (modified from [14]).

There are significant deficiencies in current diael
based snow observations. Optical imaging sensors
operating at visible and near infrared wavelengtith as
the Advanced Very High Resolution Radiometer
(AVHRR) on the NOAA and METOP satellites, and the
Moderate  Resolution  Imaging  Spectroradiometer
(MODIS) on the Terra and Aqua satellites, provide
information on the snow cover extent, but not oz show
mass (the snow water equivalent, SWE), and suftan f
cloud obscuration. C-band SAR sensors, operating on
Radarsat and Envisat, can be used for mappingxtesate
of melting snow, applying a change detection atparmi
[17]. However, C-band radar is not sensitive to sinpw
and SWE.

Regarding SWE and snow depth, satellite-borne
microwave radiometry is presently the only optiar f
mapping these parameters over large areas. Dubeto t
coarse resolution, these techniques are suitalle fon
large regions with homogenous snowpack and lanérgov
but of little use in hilly and mountainous regiods. well,
in low relief areas the snowpack can be quite
heterogeneous due to snow drift or complex landecov
reducing the quality of the snow products deriveaimf
microwave radiometer data [18].

The proposed dual frequency SAR mission addresses
these uncertainties in snow measurements, with asiph
on the detection of SWE with comparatively hightsda
resolution. The sensor will also be able to filtremt gaps
in the observation of glaciers, freshwater ice, seaice.

The sensor is very appropriate to support studies o
glacier mass balance which is closely related te th
climatic conditions. The surface mass balance is
determined by accumulation due to snow fall and by
ablation of snow and ice. There are only about 1a@igrs
world-wide with annual mass balance measuremerds ov
relatively long periods. These tend to cluster ifea
regions and are biased towards small glaciers [IBijs
results in large uncertainties for regional and bglo
assessments [3]. Therefore, models are appliedtimate
glacier mass balance in response to atmospherdinfpr

[10], but these models suffer from the lack of abatons,
in particular regarding snow accumulation. Thesfciie
will be addressed by the CoRgB mission which will
measure snow accumulation, presently a main eounce
for mass balance modeling [20].

For freshwater ice and sea ice high frequency SARs

(Ku- and X-band), as proposed for CoREH are
promising tools in complementing existing C-band &n
band radar sensors. Of particular interest is beevation
of ice formation and thin ice, and of snow coverlake
ice and sea ice. The relevance of Ku-band obsensfor
sea ice studies (extent, melt onset, and area dg)ldras
been demonstrated with satellite-borne scattergnffi],
[22]. However, the observation of snow water edleint
and thin ice thickness requires dual-frequency duodl-
polarization capabilities [4].

Ill.  MEASUREMENTPRINCIPLE
A. Measurement Requirements

Based on the science objectives, the extent anerwat
equivalent of the snow cover have been identifiedhee
primary observation parameters to be delivered ey t
satellite. In addition, the mission will have thegpability to
measure several other important snow and ice paeasne
in order to advance the understanding and modeding
geophysical processes of the main elements of the
cryosphere: seasonal snow cover, glaciers, icetshee
freshwater ice, and sea ice.

The required spatial resolution for the geophysical
products ranges from 100 m to 500 m, dependinghen t
application for regional or global studies in actzorce
with the specifications of the IGOS Cryosphere Ta¢g).

The scientific objectives of CoRg8 are addressing
snow and ice processes over different temporaescé&or
this reason two specific mission phases are coreidgith
emphasis on either temporal or spatial coverage:

¢ Orbit Phase 1 (Year 1 and 2) with a 3-day repelit or
for snow and ice observations matching the timéesca
of typical mid- and high-latitude weather systefisis
phase focuses on the parameterization of snowand i
processes related to rapid meteorological forcirgs
is essential for improving mesoscale atmospheric
models, hydrological models and land surface pces
models in cold environment.

¢ Phase 2 (Year 3+) requires nearly complete (> 90%)
coverage of global snow and ice areas. The main
motivations for this mission phase are the valatatf
continental scale hydrological models and climate
models and the verification of techniques for
downscaling of coarse resolution satellite snow
measurements. This mission phase will enable diyatia
detailed hydrological process studies for largeinsas
The data will also be used for validating snow cove
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parameterizations in atmospheric circulation models
and for downscaling the cryosphere component in
climate models.

In order to achieve the geophysical observation
requirements a sensor is needed that is sensitive t
physical properties of the snow volume and provides
comparatively high spatial resolution. This will be
achieved by an imaging radar operating at relativégh
radar frequencies. The combination of Ku-band and X
band frequencies is particularly suitable becabsetivo
frequencies show different sensitivities to the ivas
physical properties of the snow medium and suppt
separation of volume and surface backscatter
contributions.

B. Physical Modeling of Radar Interaction with Snow

In this section we summarize the basic mechanidms o
radar wave interaction with snow over ground whick
exploited for measuring the snow mass (SWE) on.lahd
total backscatterd, from snow covered ground at the
transmit and receive polarization combinatipg, is made
up by the following contributions:

t — ~as v Qv g
Opg = Opq + Opq + Opq + Opq

where ¢*® represents scattering at the air/snow interfate,

is the direct snow volume scattering terdf} represents
the contributions by ground surface/snow volume and
snow volume/ground surface interactions, afdis the
backscatter at the ground surface after transmmssio
through the snowpack (Fig. 3). The magnitude of the
individual contributions depends on the scatteramy
absorption properties of the snow volume and on the
backscatter signal of the background medium.

The penetration of the radar waves into a snowpack
depends on the absorption and scattering lossessk of
wet snow, the penetration depth is less than one
wavelength because of the high dielectric losseléqafd
water [23]. Therefore, the snowpack needs to befairy
measuring SWE. Typical one-way penetration deptins f
dry snow are of the order of 3to 5 m at 17.2 GKa-(
band) and about 10 m at 9.6 GHz (X-band) [23], [d4iis
provides sensitivity over a wide range of differemow
depths, including shallow snow, as shown in Sectdor
the CLPX field campaign in Alaska.

The total backscattering by dry snow over ground is
dominated by scattering in the snow volume (direct
contribution) and at the ground surface below the
snowpack. Because of the small dielectric conttast
backscatter at the air/snow interface amounts g than
5% of total backscatter at off-nadir angles.

For retrieving SWE from the backscatter
measurements, the volume scattering signal is #ggdlo
which depends on the mass of snow accumulated on
ground, but depends also on grain size. Modelg@bws
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Ground

Fig. 3. The main contributions to radar scattering from
snow covered ground.; B the transmitted power signal
and R is the signal received by the radar antenna. For
graphical reasons the signals are shown here istatic
radar configuration.

degrees of complexity have been developed for
characterizing the radar backscatter of snow cavere
terrain (e.g. [25]-[28]). Work on advanced data
assimilation techniques utilizing such models is an
ongoing research topic, aimed at integrating multi-
parameter SAR measurements with distributed snow
process models [e.g. 29].

In this paper we present a simplified model in orde
to explain the interactions of radar waves with vg&no
covered ground. The model provides a realistic
representation of the physical interactions and lhesn
successfully used for the retrieval of SWE from
experimental data sets, as described in SectioA ¥fst
order radiative transfer model for a single snoyetais
applied, following the concept proposed by [30].eTh
backscatter of snow-covered ground measured irdar ra
channelj at given frequency and polarization at incidence
angled; can be expressed as

a}(6)=07()+a}(6)+ (8 )o(6)7:(6)]
where 7 is the power transmission coefficient at the air-
snow interface and” is the backscatter coefficient at the
snow/ground interfaceb, is the angle of refraction. The
backscatter contributions due to snow-ground aod -
snow interactions are small compared to the diveltime
scattering contribution. They are not accountedssply
with this approach, but are implicitly taken intocaunt
within ¢’. The transmissivity of the snow pack is related to
the snow depthys, and SWE by

K, d, K, SWE
7,(6)=exp-—12 |=exg -
cosb, cosb,
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Fig. 5. Ku-band backscatter coefficient® of snow covered ground measured with PolScatifmew2006-07 during CLPX-II
in Colorado at 3 different sites, plotted versusitu measurements of SWE. Open symbols: VV patfanis, closed symbols,
VH polarizations. Left: Rabbit Ears. Centre: Oake€k, Right: North Park. The lines are forward siatigns with the
radiative transfer model, using different valuesh# scattering albedo.

wherek. is the volume extinction coefficient which is the
sum of the volume scattering and absorption caeffis:k, o
= ks + kq . If the extinction coefficient is normalized toeth 10k L
unit mass K. = kJ/ps), T can be expressed in terms of the
snow water equivalentSWE = ps d). The volume v M
scattering contribution can be described by v— o
w, g 15
o}(6)=T1(6) - ri(e)eode)| e e
— XV
where wis the scattering albeday = kJ(ky + ko) = Kdke. Z :
This results in the following expression for tdbalckscatter -20 W T L B
-
w -2k, SW
a,(6)=07(8) Tf(@){zjcoiﬂ){l‘ex{c(;gi} 0 100 200 300
t SWE [mm]

) -2k, SW
+Uj (Ht)ex W
t

An example on the backscatter sensitivity of Alpgr®w

to SWE in the four CoRef® channels, computed with
this model, is shown in Fig. 4. An effective diaeret} =

0.9 mm of the snow grains, correspondingute= 0.7 at
17.2 GHz, is used for computing the volume scaffée
symbols represent experimental data from two field
campaigns in the Austrian Alps: measurements with a
ground-based SAR in the SARAIps2007 campaign [31]
and with a helicopter-borne scatterometer in the
HeliSnow2008 campaign [32]. The background medism i
low grass in dormant stage.

The forward calculations and experimental data skow
sensitivity of about 40 mm/dB for Ku-band VV
polarizations and of about 35 mm/dB at VH polaiizas

for SWE < 200 mm. The sensitivity drops gradually
towards higher SWE values. The X-band sensitiviy t
SWE is rather constant with about 100 mm/dB over th
whole range. This emphasizes the synergism of e t
frequencies for retrieving SWE over different sndepths.

PROCEEDINGS

Fig. 4. Backscatter sensitivity on SWE at 17.2 GHz (Ku-
band) and 9.6 GHz (X-band), vv and vh polarizatjoA5°
incidence angle, from forward calculations for alpi
snow. The points correspond to measurements of the
SARAIps2007 (triangles) and HeliShow2008 (circles)
campaigns.

The dual frequency approach is required to estimate
the scattering albed@ (which depends on grain size and
wavelength) before deriving SWE from the radar
measurements. To illustrate effects of grain size,
backscatter signatures measured by the airborn8cRol
during the second Cold Land Process Experiment ¥CLP
1) in winter 2006-07 in Colorado are shown in Fig[33].
Values of w = 0.8, 0.75, 0.7 were used to match the
forward calculations to the backscatter measuresnant
Rabbit Ears, Oak Creek, and North Park, respegtivel

PolScat is a scanning scatterometer, operating at a
center frequency of 13.9 GHz, the incidence angl&5°,
and the pixel size about 200 m, depending on flight
altitude. The comparison of backscatter coeffigenith
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the in situ measurements of SWE shows relationsdisa
be well approximated by the radiative transfer nhodlbe

relations differ for the various sites, on one héedause
of the different background targets, and on thesiottand
because of the different metamorphic states and gizes
of the snowpacks.

C. Effects of Atmosphere and Vegetation

For retrieving snow properties from measurements
by satellite-borne SAR it is necessary to account f
effects of the atmosphere and vegetation on signal
propagation. The losses for radar wave propagatidhe
atmosphere are primarily caused by extinction duedter
vapor and liquid water [34]. At X- and Ku-band the
absorption losses clearly exceed the scatteringefysnot
only in clouds but also in precipitating atmosplsereor
snow and ice observations these effects are modest,
because the liquid and vaporous water content ef th
atmosphere is rather low in cold environments. Thim
particularly true for the atmosphere over non-melgnow
and ice surfaces as required for the measuremesii.

1r

0.99
> 0.98¢
=
@ 097;
g
< 0.96;
F 0 95.| ——Mean atmosphere e
) A
-=-=-Mean+std \
0.94+ - Mean-std \
— No clouds h
0'935 10 15 20
Frequency (GHz)

Fig. 6. Atmospheric transmissivity for Sodankyld, Finland,
incidence angle 30off nadir. Calculated using European

Re-Analysis (ERA40) atmosphere conditions, 12 UTC,

October to 31 March 1991 — 2000.

A typical example for atmospheric attenuation over
snow covered regions is shown in Fig. 6, with mealnes
and standard deviations for a 10-year data set. The
atmospheric  transmittance was calculated from
meteorological re-analysis (ERA40) atmosphere {&&§

1 October to 31 March 1991 to 2000, over the city o
Sodankyld, Finland. The atmospheric propagation ehod
of Ulaby et al. [34], [36] was used. The calculatgoint
out that the atmospheric propagation losses oversn
surfaces are rather small. Therefore, corrections f
transmissivity can be obtained with good accurasing
climatological values. Numerical meteorologicalalftom
atmospheric circulation models are another validre®
for estimation of atmospheric propagation losses.
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Studies on the effects of vegetation for snow
retrievals point out that during the winter peritioe
presence of dormant herbaceous or short vegethtiera
small influence on the background level of backseatg,
but does not impair the sensitivity to SWE [37].viver,
coniferous forests may strongly affect the backscat
signal. Backscatter simulations for coniferous $tgewith
a radiative transfer model [38], [39] show thattle case
of low biomass or low fractional cover (i.e. veg&ia
biomass lower than about 1007hm and fractional cover
lower than about 25%) the snow backscatter dorrsnie
radar signal. When the forest density or the foaul
cover increases, the sensitivity to SWE decreassti@awvn
in Fig. 7 for Ku-band backscatter. For more dethile
assessment on the impact of forest type and deinsitil
be necessary to account for the three-dimensianadtare
of the canopy [40].

Due to the influence of vegetation type and density
the identification of key vegetation types will beeded
for supporting the retrieval of snow parameters: this
purpose, data on global vegetation types and defrsiin
various sources can be used, such as the ECOCLIMAP
[41] and GLOBCOVER [42] databases.

Sigma0 [dB]
o]

— CF=0%
= 0
—e
T
-12

0 100 200 300 400 500 600 700
SWE [mm]

Fig. 7. Simulated backscattering coefficients of forest
canopy (coniferous forest) and snow covered groame
function of SWE at 17.2 GHz, VV polarizations, decice
angle 30°, for Forest Cover Fraction (CF) from 0 (¥on
vegetated surface) to 100% (closed canopy). Woody
volume of the forested area: 116/ha.

IV. SATELLITE CONCEPT

The mission objectives and proposed measurement
technique resulted in the definition of the techhic
requirements for the mission and sensor (Table 1).

Two parallel industrial studies at phase 0 leveleha
been performed under ESA contract by Astrium GmbH
(Germany) and Thales Alenia Space (Italy). Two mécdd
concepts were designed independently [4]: Concept-1
based on a single reflector approach, Concept-2dbas a

PROCEEDINGS OF THE IEEE
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double reflector design.
antenna with reasonable

To obtain a convenienptitial
aspect ratio, the ScanSéde rof

operation is the preferred solution for both conseix
sub-swaths are used to cover the 100 km swath &ith
resolution of 50 nx 50 m for the level 1 (calibrated SAR
image) product after multi-looking.

Table 1 Mission and Instrument Requirements

Mission Duration

4 years minimum, target 5 years

SAR frequency

9.6 GHz (X-band) and 17.2 G
(Ku-band)

Polarization

VV and VH

Noise-Equivalent-
Sigma0 (NESZ)

X-Band: <-23dB for VV
<-28 dB for VH
Ku-Band: <-20 dB for VV
<-25 dB for VH

Swath width >100 km
Radiometric stability <0.5dB
Absolute calibration <1.0dB

Incidence angle

Swath within 30° to 45°

Spatial resolution

<50 m x 50 m#% 5 looks)

In Concept-1, the respective X- and Ku-band SAR
instruments share a large single deployable reftect
antenna, as shown in Fig. 8. A leading solar ammayg an
integrated and complex structure are used in otder
accommodate the side-looking antenna.

In Concept-2, each of the X- and Ku-band SAR
instruments has its own dedicated deployable reflec
antenna (Fig. 9). The platform is based on a dlight
modified standard spacecraft.

The orbits are dawn-dusk sun-synchronous circular

orbits with a local time of ascending node of abb8th.
The orbit altitude in mission phase 1 (3-day rep=a666
km, and in mission phase 2 (15-day repeat) 645 Kne.
two configurations result in the budgets, includimgss,

power, data-rate, as shown in Table 2. The spdtecra

configuration and mass is compatible with the capasf
VEGA, which is selected as the baseline launch ckehi

[43].

Table 2 Satellite Budgets

Mass 960 - 1200 kg
Power 1500 - 1700 W
Data storage 1200 - 1400 Gb
Data Downlink 460 Mb/s

Deployed
Reflector

vwwection

Feed
Cluster

Fig. 8. Satellite configuration for Concept-1.

X-band Flight Direction
Reflector __ \

Star
Trackers

Lo/ Ku-band
[ ; Reflector
Feed /
Arrays . Y
S-band / ~ /
Antenna Solar ~ /

Array
Fig. 9. Satellite configuration for Concept-2.

The main differences between the two instrument
concepts are at front-end level linked to the amhen
implementation and feed sub-system.

Single
Shell

Offset
Antenna
Reflector

Ku-band MFA

Fig. 10. Payload Concept-1 with the X-band Multi-Feed
Array breadboard (left); Multi-Feed Array and redi®r
antenna assembly (right).

In Concept-1, two adjacent feed sub-systems illatein
a single reflector (Fig. 10). The reflector sizeofimized
for X-band. In Ku-band, the reflector is under4ifiinated
to cope with the higher frequency. The signals are
synchronized in transmission and in reception tppsut
the ScanSAR operation at both frequencies.
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In Concept-2, the two antenna sub-systems are
accommodated on the flight and anti-flight facestiué
satellite (Fig. 11, left). The antennas are optediz
separately for X- and Ku-band and illuminate thesarea
on ground simultaneously. For each frequency, a
centralized power configuration has been chosemhich
one high power amplifier provides the required powe
level. This high power signal is then switched amated to
one antenna feed element out of six (Fig. 11, yight

Fig. 11. Payload Concept-2. With antennas folded and
open (left) and feed geometry (right).

The payload characteristics are summarized in Table
The required radar peak transmit power of concejg 2
higher because of the smaller antenna size andiffieeent
implementation approach. The required space-qedlifi
high power amplifier can be developed with techgglo
adapted from the extended interaction Klystron tube
available at Ka-band or travelling wave tube anmlif
available at X-band.

Table 3CoReHO SAR Payload Characteristics

Parameter Concept 1 Concept 2
Frequency 9.6 GHz, 17.2 GHz
Bandwidth <6 MHz
Antenna aperture 45mx2m 3.3mx2.1m (X-
dimension band); 3.3 m x 1.2m

(Ku-band)
RF peak power 1.2 kW (X-band), | 3.5 kW (X- and Ku-
1.8 kW (Ku-band) band)
Pulse repetition 06000 Hz ~7700Hz
frequency
Total payload 300 kg 360 kg

mass

Payload duty cycle 15%-26% per orbit

In order to achieve the required radiometric
performance, provisions are made both for internal
calibration, using signals injected into the instant data
stream by built-in devices, and for external calttum.
The external calibration will rely on point targetgth
know radar cross section (corner reflectors, trandprs),
and on distributed targets with know scattering
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characteristics. The cross-frequency level and dtuss-
polarisation level of interference will be measutiebugh
in-flight calibration operations [4].

The performance figures and experience gained from
other SAR missions with respect to achieved radidme
stability and absolute calibration indicate thatthbo
concepts meet the requirements of the mission, as
described in Table 1. Particularly, both conceptlieve
the required noise-equivalent-sigma0 (NESZ) of dBbat
Ku-band and -28 dB at X-band.

V. DATAPROCESSING APPROACH

The primary product of the mission will be mapssabw
extent (dry and melting) and water equivalent. didition
the proposed sensor will have the capability toeokss
systematically a range of other key cryospheriapaaters,
including snow and ice metamorphic properties @tigrs
(the glacier facies), the extent and propertiesaké and
river ice, and snow burden and properties of seawdth
emphasis on thin ice [4]. During the northern heanésic
summer abundant observation time will be availdble
other research applications which are interestediual
frequency SAR observations, such as vegetatiomseje
studies of atmospheric convective systems [44], and
oceanography.

The retrieval of snow and ice parameters is based o
calibrated Ku-band and X-band co- and cross-padriz
backscatter data. Various options for retrieving/gital
snow and ice properties from the backscatter
measurements were studied, including (1) statistica
retrievals based on empirical relations betweensitn
snow measurements and backscatter coefficients, (2)
inversion of semi-empirical backscatter models, (3)
optimized statistical inversion and (4) determiiist
inversion of a physically based forward model [J4B].
The current algorithms for retrieval of snow anc ic
parameters from Ku- and X-band radar measuremeats a
based on options (2) and (3).

A. Retrieval of Snow Water Equivalent (SWE)

A precondition for the retrieval of SWE is that the
snowpack is dry. In this case the backscatter dmriton

of the air/snow interface is low and the transmisgiis
high. Backscatter and transmission at the air/snow
interface can be well estimated by applying stasdar
relations; it plays a small role for SWE retrievakhis
means that the main processing steps for retrie8Mg=
are the separation of the backscatter contributiamr the
snow-volume and the ground, and the estimationhef t
grain size or the scattering albedo (which is dipselated

to grain size).
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.

Retrieved SWE [mm]

Fig. 13.Map of snow water equivalent (SWE) changes (calded) between the November 2007 and February 2068<al
campaigns, at the Kuparuk River Study Site, AlaBRakground: Landsat image with 10 m elevation gontines. Data base
for SWE retrieval: PolScat Ku-band VV and VH, T&R&R-X VV and VH. The inset shows the compariscetridved and in

situ measured SWE.

The current baseline technique for SWE retrieval
applies a radiative transfer model. Because thexeoaly
four measurement channels, it is important to k&ep
number of free model parameters for iteration swaile
maintaining a realistic representation of the ptafsi
interactions. For this reason it is reasonable gplyaa
single snow layer model and to iterate for the bulk
snowpack properties.

The viability of this measurement principle hasrbee
demonstrated with low resolution satellite meas@etis of
Ku-band backscatter acquired by the satellite-borne
scatterometer QUikSCAT over the western U.S.A..[46]
this case a radiative transfer model is invertedetoeve
SWE, using empirical values for the volume scatter
albedo and snowpack extinction. The handicap oflsin

frequency measurements is the need to estimate the

scattering albedo from co-located field stations or
experimental data.

The current version for inverting the measurements
in the four CoRekHD channels applies the first order
radiative transfer model introduced in Section Ahysical
relations for the frequency dependence and poliiza
ratio of volume scattering, based on experimerash énd
theory, are applied to reduce the number of frearpaters
in the radiative transfer model [37]. The backgrsignal
for snow-free terrain is estimated from backscatiere
series of the pre-snowfall period. The measuremargs
inverted iteratively in terms of SWE and the volume
scattering albeday.

An example of the cost function for retrieving SWE
and w is shown in Fig. 12. The input backscatter data ar
from GB-SAR measurements at 10 and 17 GHz, VV and
VH polarizations, obtained during the SARAlps 2007
campaign at a test site in the Austrian Alps [31].
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Fig. 12. Example of cost function for retrieval of SWE and
the scattering albeday, using backscatter data at Ku- and
X-band VV- and VH-polarizations measured during the
SARAIps2007 campaign.

A maximum likelihood approach is applied, with the
following cost function to be minimized [47]:
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N1 ¢ 1 N
F :;?‘f[dbj()q,....,xq;c” Coj ,c,J.)—Zj]2 +;HF(>§ -x)
where®; represents the forward (radiative transfer) model,
j refers to the measurement chanmet (4 for CoReHO),

X1 ..., Xg are the free model parameters (the state variables
SWE andw), ¢, ..., G; are the configuration parameters
(radar frequency, polarization, incidence anglg)arz the
measured backscatter coefficients, amg is the
measurement noise. The second sum takes into acaoun
priori statistical information of Gaussian distribd
parameters with a standard deviatiomnd the mean value
X'i.

The uncertainty of the SWE product was estimated
using experimental data of field campaigns condlidte
the Alps and in Alaska and simulations which taktoi
account calibration errors and speckle [37]. Thediss
suggest that the expected uncertainty meets theifigoe
scientific requirement, namely 30 mm for SWE < 30@,
and 10% for SWE> 300mm [4].

An application example of the statistical inversion
procedure is shown in Fig. 13 for the CLPX-II Kuplar
River Study Site in the tundra region of northeriaska.
Input data of the following four channels were usid-
band VV and VH measured by PolScat, X-band VV and
VH measured by the satellte TerraSAR-X [48]. The
retrieval uses the November campaign data as eerefe,
thus deriving the difference in SWE between the two
campaigns. The snow accumulation was variable durin
these two dates because of wind drift. The maximum
accumulation amounted to 50 mm SWE in the low,
sheltered parts of the test site. The comparisch thie
field measurements reveals a standard error ahatgi of
7 mm for SWE.

B. Processing Line for SWE Retrieval

SWE maps will be a basic geophysical product to be
supplied by the mission. The proposed processimg i
described in Fig. 14. Input are geocoded, terramected
(GTC) backscatter images. The first processing stepe
segmentation of the image into dry and wet snovasare
For this step an algorithm based on multi-temporal
backscatter ratios can be applied [17]. Becaus@efow
backscatter, melting snow areas can be clearly
distinguished from dry snow and snow-free surfanex-
and Ku-band radar images [49, 50].

The next processing step is the separation ofrtbe/s
cover signal from the background signal. This ikieeed
by using time series of SAR images from the pehiefbre
the first snowfall. The feasibility of this apprdabas been
tested with QuikSCAT data [37], [46]. An advantagfe
CoReHO over scatterometers is the higher spatial
resolution, enabling the masking of dense forests aso
small water bodies.
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First guess values of SWE and snow temperature can
be obtained from meteorological numerical analysis
forecasting data (global atmospheric circulationdeis,
GCM, or limited area models, LAM), from snow
climatology, from snow process models, or from ltitge
microwave radiometry snow products. The local ieoick
angle is obtained as a by-product of the GTC p<ings
The angle is needed for the radiative transfer adatjons.
Surfaces of extreme foreshortening, layover, amadtisig
incidence (>70°) are excluded. Possible gaps iepste
mountains resulting from these thresholds are eheid by
combing data of ascending and descending satetlifés.

Land cover information is used to estimate theat$fe
of vegetation. Dense forests will be masked oute Th
backscatter simulations indicate that SWE retrieisl
possible in open forest, but propagation losses and
backscatter contributions of the vegetation nedukttaken
into account. The final processing step applies@imised
inversion algorithm, such as the one described ha t
previous section, together with a radiative transfedel.

SWE processing line

GTCKu-band o, 0,
GTCX-band 0,,, 0,

e t 7
Map of melting - & Segmentation

snow dry / wet
dry

GCM / LAM  Snow
climatology

it T, SWE
Target A optional

Soil background =) s

First guess values

Radiative transfer Optimized inversion
model y algorithm
Local incidence angle ‘
Land cover

Fig. 14. Processing line for SWE retrieval from CoRéH
measurements.

Further development and testing of retrieval
algorithms is planned during the ongoing Phaseu#lysfor
CoReHO, including both theoretical work and field
campaigns. After launch, the 3-day repeat orbitogewill
enable intensive calibration and validation adigitto be
performed at dedicated test sites which are eqdipgth
snow stations and hydrometeorological measurement
systems.

VI. SUMMARY AND CONCLUSIONS

In the global water cycle, terrestrial snow is arportant
dynamic fresh-water reservoir that stores predipitaand
releases melt water when it is most needed by plant
ecosystems and agriculture. Due to global warmiagom
spatial and temporal changes are expected for ,local
regional and global snow water storage. At pretientack
of accurate snow observations inhibits reliabledfmtéons.
This deficit is addressed by the proposed CoReldnd
SCLP satellite missions, which are optimized —iffedent
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ways — for measuring fresh water stored on lanéases,
glaciers, and sea ice.

The mission concept for CoReBl applies a dual-
frequency, dual-polarized SAR operating in Ku-baamdl
X-band, exploiting the sensitivity of these radar
frequencies to physical properties of snow and ise.
innovative, efficient solution has been elaborafedthe
sensor applying the ScanSAR concept with parabolic
antenna and multiple feeds. Field campaigns wituigd-
based and airborne radar sensors have been coddocte
order to support the validation of theoretical lsuzkter
models and the development of inversion algorithiire
studies, so far focussing at techniques for redfiesf
SWE, point out that the CoRe8 mission would deliver
accurate, spatially detailed observations of snaagsnin
addition, the Ku- and X-band SAR will measure theg
accumulation on glaciers and support studies ofceand
lake ice processes, addressing specifically thpepties of
thin ice and snow burden.

The satellite measurements will enable better
representation of snow and ice in land surface ge®c
models and hydrological models, and improve the
parameterization of surface/atmosphere interactions
numerical weather models and climate models. Tiga hi
resolution snow and ice products will be also vetgvant
for synergistic use with other satellite missioAslasting
aspect is the development of downscaling procedames
validation of snow and sea ice products delivergdov
resolution microwave radiometers and scatterometdrs
satellite will also be complementary to altimetsiatellite
missions. CoRepD addresses processes of surface-
atmosphere interaction, hydrology, and snow accatian
at high temporal and spatial scale, providing thek |
between altimetric measurements of changes inudace
topography and climate system models.
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macroscale hydrological model (0.5x0.5°). The digitata were made available by Barnett
et al., being the basis for their analysis publire Nature [ref. 9] (with details described
there).

3) The information gain obtained from Figure 2 cbalso be improved by enlarging the part
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4) p. 3, col 1, line 36, continue the sentence Wahd not optimal for wet snow".

The feasibility of using C-band SAR for mapping sweiw is already mentioned in the
sentence above. We slightly changed the worditiggotentence, to make clear that this
application is an option, and not a driver for CAzhSAR.

5) p. 3, col 1, line 46: Change "radiometry data"radiometer data". Radiometry is a
method, the data are from the sensor, called rastiem

Done
6) p. 4, col 1, line 28: | think "transmit and re@ should be exchanged, as the second index
is conventionally used to represent the incidediatson.

The is not standardized. We use the sequence aegdhe specifications for ESA SAR
missions.

7) p.4, col 2, lines 30-34: Reducing the numbered parameters for the retrieval is not a
wise idea. The emphasis, as it stands, should @ided. It may be OK for a starting point,

but with the advance in refinements, more and reffexts will have to be included to be able
to take the geophysical information in the obseovestinto account. The number of
observations and information will increase whentthne variation is considered. Kalman
filtering and other methods can help.

We agree. As explained in Section V of the papews retrieval concepts were already
studied, and more advanced techniques will be trgaged in the Phase A study for the
mission that starts now. This is mentioned in #hased text in this Section I1I-B, and also in
Section V.

8) p. 4-5: It is not clear to me how the produdtthe polarised matrix terms in the Equations
are to be understood.

This was a bit misleading in the first versiontod paper, as the formatting modified the
presentation of the second equation on page 5.ilugrrected now. Also, we changed the
indices to make clear that subscript refers tortteasurement channels.

9) It appears that the authors try to avoid theratttion at the snow surface by stating that T
is essentially =1 (> 0.98). Actually this is a tmib optimistic; wind-pressed dry snow can
have a dielectric constant of up to 2, leadingutdege reflectivity at h pol 45° off nadir of
0.06. But more important is the fact that diffuadiation within the snowpack will suffer total
reflection at the snow surface for internal nadiglas larger than 45°. When multiple
scattering is included in improved models it maytaut that the surface can be significant.
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This statement on page 8 refers on one hand t@exiile difference to melting snow (where
surface scattering dominates, on the other harbiat out that volume scattering effects are
dominating for dry snow. The transmissivity of $hew surface is included in the equations.
The experimental backscatter data made by team ersnibvarious parts of the world
(Colorado, Alps, Scandinavia, Antarctica - inclugliwind crusted snow) do not show any
discontinuity of the signal towards high incidemewgles that might be an indication of total
internal reflection. Nevertheless this issue wdlfbrther studied in experimental campaigns
planned for the coming winter.

10) p. 5, col 2, top line: Correct the contradinti"dropping gradually towards higher
values”

Done.

11) Vegetation, p. 6: The mentioned models haveepfzarallel geometry. But forests are not
at all plane parallel. Different conclusions maguie if the 3-d character is taken into account.
The authors might indicate the need for proper ktrans.

We agree that 3-D models will be important to brattederstand the theory and potential
contribution of snow backscatter of forested ardds text has been modified in order to
clarify that this is a preliminary study and furtnavestigation is necessary in the Phase A
study for the mission that starts now. The studlyaléio have to address the feasibility of
applying 3-D models for a practical utilisation gliobal scale.

12) p. 9, Figure 12: This should be a 3-d plot,thetinformation cannot be read. | think that
a readable 2-d plot with the third dimension asuameter would be better.

The 3D representation of the figure has been ingualov

Reviewer: 2

Comments to the Author

The author pointed out the need for the snow and ice observation improvement and
successfully reviewed the current methods used in the remote sensing of snow. The paper
also provided detail information for the CoReH20 satellite mission. It is useful to the
coworkers.

Reviewer: 3

Comments to the Author

This paper describes the key components of the proposed CoReH20 satellite mission, such
as the measurement physics, payload concepts, satellite characteristics, and retrieval of
snow water equivalent. It is a well written manuscript, with the topic being appropriate for the
IEEE Proceedings, and | recommend that it is accepted for publication after minor revisions
which are outlined below.

1.p. 2: there are a few statements made that could include a reference to previous work for
substantiation. Particularly, Row 57 (first column), “The changing pattern of atmospheric
circulation can, however, also lead to extreme snowfall in some regions”; Row 48 (second
column), “The climate research and hydrological communities stress the need for high quality
distributed snow cover and snow mass data to initialize and validate models of snow
accumulation and melt”. Similarly, on p. 3, Row 23 (second column), “However, the
observation of snow water equivalent and thin ice thickness requires dual-frequency and
dual-polarization capabilities”.
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References have been added.

2.p. 2: Row 46 (second column), “communities stress the need” probably should be replaced
with “have stressed the need”.

Done

3.p. 3, Section IlIA: a global map of the spatial coverage would be a nice addition to the
discussion of the orbit phases, if it exists.

There are figures available showing the coverage of the orbit types. For 15 day orbits there is
near global coverage at latitudes > 40 deg. Therefore it is not very meaningful showing this.

A figure on the coverage of the 3 day repeat orbit is shown below. We are not sure if the
information content warrants adding this additional figure. (In case, we may include the zoom
of a subsection).
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4.p. 4, Section 1lIB, Rows 43-50 (first column): with typical penetration depths being on the
order of 3 meters at least for these frequencies, the question of thin snowpacks, and whether
they are problematic arises, and if they are how would that be ameliorated?

The number refers to the one-way penetration depth. This is now stated explicitly in the text.
The suitability for measuring shallow snow has been demonstrated at the CLPX experiment
in Alaska, described in section V.

5.p. 6, Section llIC: along with the effects of the atmosphere and vegetation, what are the
effects of complex topography (layover etc)? How would they affect SWE estimation?

Effects of topography on SWE retrieval have been studied. Topography effects are taken into
account in the processing line. This is now briefly explained in Section VB.

6.p. 6, Rows 22-29 (second column): given the effects of vegetation and the identification of
vegetated areas, how would they be treated in the processing chain? Would areas above a
certain fraction be masked out, or would some type of modeling/correction be used?

This also explained in Section VB.

7.Although it is inferred that maps of SWE and melting show would be the key data products
from CoReH20, would there be any other products? | think it would be beneficial to the
reader/potential user of what type of additional data products could be provided.

Relevant information ais dded at the beginning of Section VB.

8.This has probably been discussed within the CoReH20 science team, but I'm wondering if
some text can be devoted to proposed strategies for calibration/validation of the satellite.

Information on radiometric (engineering) calibration was added in Section IV, and on
geophysical cal/val in Section V.
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9.Additionally, what about strategies to estimate the uncertainties in the SWE product, what
does the error budget look like, and if that is not available could the authors include some
discussion in the manuscript?

Preliminary studies of the error budget were performed with experimental data and
simulations. This is now mentioned in section VB. More detailed work is the task of the
Phase A studies.
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