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Abstract. Following the development and availability of 1 Introduction
Aquarius weekly polar-gridded products, this study presents
the spatial and temporal radiometer and scatterometer obseBince August 2011 the Aquarius/SAC-D mission, devel-
vations at L band (frequeney 1.4 GHz) over the cryosphere oped collaboratively between the US National Aeronautics
including the Greenland and Antarctic ice sheets, sea ic&nd Space Administration (NASA) and the Argentinian’s
in both hemispheres, and over sub-Arctic land for moni- space agency, Comision Nacional de Actividades Espaciales
toring the soil freeze/thaw state. We provide multiple ex- (CONAE), has collected L-band (frequeneyl.4 GHz) pas-
amples of scientific applications for the L-band data oversive and active observations. The primary objective of these
the cryosphere. For example, we show that over the Greenebservations is to retrieve sea surface salinity (SSS), how-
land Ice Sheet, the unusual 2012 melt event lead to armever, these L-band observations also enable us to moni-
L-band brightness temperature (TB) sustained decrease débr the cryosphere in the polar regions. L-band observa-
~5K at horizontal polarization. Over the Antarctic ice tions from the European Space Agency’s Soil Moisture and
sheet, normalized radar cross section (NRCS) observation®cean Salinity (SMOS) mission, launched in October 2009,
recorded during ascending and descending orbits are sigs used to monitor soil freeze/thaw state in sub-Arctic en-
nificantly different, highlighting the anisotropy of the ice vironments (e.g.Rautiainen et al.2012, and either thin
cover. Over sub-Arctic land, both passive and active obsersea ice thickness@leschke et al.201Q 2012 Tian-Kunze
vations show distinct values depending on the soil physi-et al, 2013 Huntemann et 812014 or snow depth on thick
cal state (freeze/thaw). Aquarius sea surface salinity (SSSjea ice Maal? et al.2014. An analysis of Aquarius obser-
retrievals in the polar waters are also presented. SSS varia/ations at Dome C (Antarctic plateau) revealed that in spite
tions could serve as an indicator of fresh water input to theof the deep penetration of the L-band radiation, evolutions of
ocean from the cryosphere, however the presence of sea idge snow surface properties influence L-band observations.
often contaminates the SSS retrievals, hindering the analyLarge brightness temperature (TB) variations (of up to 2.5K
sis. The weekly grided Aquarius L-band products used areat horizontal polarization) were related to the effect of sur-
distributed by the US Snow and Ice Data Centehtip: face snow metamorphisnBfucker et al. 20143. In addi-
/Insidc.org/data/aquarius/index.htrahd show potential for tion to the radiometers, Aquarius operates a scatterometer
cryospheric studies. which makes it possible to leverage coincident L-band ac-

tive/passive observations.

Brucker et al.(2014h developed weekly polar-gridded
products of Aquarius TB and Normalized Radar Cross

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://nsidc.org/data/aquarius/index.html
http://nsidc.org/data/aquarius/index.html

916 L. Brucker et al.: Aquarius weekly gridded products to monitor the polar regions

Section (NRCS) observations, and SSS retrievals. Thesascending orbit, the descending orbit, and both orbit types
products contain data recorded at latitudes higher thdn 50 combined. For each seven-day cycle, all valid observations
and are gridded on the Equal-Area Scalable Earth version 2.6com a given radiometer whose footprint center is within a
(EASEZ2.0) grid Brodzik et al, 2012, with a grid cell reso-  given 36 km grid cell are averaged together, and the standard
lution of 36 km, and a temporal resolution of 7 days (cor- deviation is calculated. For NRCS, each beam and each or-
responding to the spacecraft period of revisit). For full de- bit type is treated independently. For SSS, two weekly grid-
tails on this product see Part 1 of this two-part article seriesded products are available. The first SSS product provides
(Brucker et al. 20140). the SSS corresponding to the weekly gridded TB: data are
This study aims at presenting maps and time series of thavailable separated per beam and per orbit type, and include
TB and NRCS weekly polar-gridded products, with a fo- combined ascending and descending orbits. The second SSS
cus on the Greenland and Antarctic ice sheets, and sea igaroduct is generated by combining the SSS retrieved from
in both hemispheres. Observations over land where frozehe three beams and both orbit types combined.
soil/permafrost may exist are presented, too. We also discuss For each cycle, weekly average and standard deviation val-
maps of polar regions SSS and the effect of sea ice contamdes are distributed. Products also include the number of foot-
ination. It is beyond the scope of this study to address theprint observations/retrievals within each grid cell. Where less
specifics in the data, and to relate quantitatively the remotehan six contiguous grid cells do not have weekly averaged
sensing observations to geophysical properties. The productgalues, a Delaunay triangulation with linear interpolation
presented here enable these in-depth analyses for future revas applied to spatially interpolate Aquarius data. The TB,
search. NRCS, and SSS products are processed for every Aquarius
cycle, and distributed in HDF5 format by the US Snow and
Ice Data Center dtttp://nsidc.org/data/aquarius/index.html
2 Background on the weekly gridded products Future release dates depend on the release of the Level 2
product, which is currently released monthly in a one month
Aquarius operates three radiometers at 1.413 GHz (at vertibatch. We also provide ancillary files containing the grid cell
cal V and horizontal H polarizations), with incidence angles center latitude and longitude, and the grid cell mean land
of 29.2, 38.#4, and 46.3. These radiometers are in a push- fraction, as well as a look-up table to convert date to cycle
broom alignment pointing to the right-hand side of the or- number.
bit. The largest spatial coverage of the Northern Hemisphere
(NH) is obtained using observations recorded at the highest
incidence angle, whereas in the Southern Hemisphere (SH)
it is obtained with observations at the lowest incidence an-3 L-band TB product analysis over the cryosphere
gle. Hereinafter, we refer to radiometer 1, 2, and 3 as the
incidence angle increases. The 3dB footprint dimensiondViicrowave observations are sensitive to snow properties, for
are 76 kmx 94km, 84 kmx 120km, and 97 knx 156 km  example, liquid water content, grain size, density, tempera-
(alongx across track), for radiometer 1, 2, and 3, respec-ture Ulaby et al, 1986 Mazler, 1987 and to their varia-
tively. The radiometric sensitivity (per 1.44s observation tions with depth (layering) (e.&wally, 1977 Brucker et al.
sample) is~0.15K over the ocearnL_g Vine et al, 2010. 201Q 2011). This sensitivity to snow properties has been
It increases te~ 0.2 K over higher emissivity surface such as used to monitor various geophysical properties over the ice
that found over the Antarctic dry-snow zone (J. Piepmeier,sheets, such as snowmelt extent (elgrinesi et al. 2003
personal communication, 2014). Tedesco et al.2007, snow accumulation (e.gAbdalati
Aquarius operates a scatterometer at 1.26 GHz (at VVand Steffen1998 Winebrenner et a12007), and grain size
VH, and HH polarizations). The footprint sizes are slightly (Brucker et al.201Q Picard et al.2012).
smaller than the radiometers’. The scatterometer calibration At L band, the dielectric loss of the ice is uncertain and
stability is within 0.1 dB Yueh et al, 2012. hence the penetration depth at this low-microwave frequency
Radio frequency interference (RFI) contaminations do oc-remains uncertain. However, the penetration depth of the
cur in Aquarius observations and depend on the orbit typeL-band radiation is estimated at 1000s of mete&arlyk
(ascending vs. descending). Of note, Aquarius observation2002. Topographic variations within the Aquarius 3 dB foot-
over the Greenland Ice Sheet (GIS) are less contaminaterint contribute to the L-band observations, and could, there-
during ascending orbitsBfucker et al. 20140. Over the fore, impact the retrievals of geophysical properties; evi-
Southern Ocean and Antarctic ice sheet (AlS), RFI contami-dences have been identified over North Africa and Aus-
nations are rareBrucker et al,2014H. tralia (Utku and Le Vine 2013. The interpretation of the
The Aquarius weekly polar-gridded products are described_-band observations should thus be made with caution in ar-
in detail in Brucker et al(20140b. Briefly, for TB, each ra-  eas with strong elevation change (e.g., due to bedrock eleva-
diometer is treated independently to produce three weeklytion change). Due to the large-footprint dimensions, the in-
gridded TB products corresponding to observations from theterpretation of the L-band observations should also be made
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Fig. 1. Maps of TB (radiometer 3) at V polarization (in K) over the GIS every two months in 2013. Grid cells with land fraction less than
0.25 were masked.

with caution in coastal and mountainous areas, where multiemanates mainly from ice/firn/snow in southeast Greenland,
ple surface types may exist in the grid cells. and from ice/snow in southwest Greenland.
The weekly gridded product contains the standard devia-
tions of TB observations made during the week in each grid
3.1 The Greenland Ice Sheet (GIS) cell. Over the GIS, standard deviations of TBs observed at V
polarization by radiometer 3 during one cycle in winter are

The weekly gridded product of L-band TB observations MOStly less than 1K (Figg). _ _

shows interesting spatial and temporal variations over the Distributions of the weekly gridded TB (radiometer 3)
GIS (Fig. 1). Overall, TBs observed at V polarization with ©Ver the GIS for a cycle in January and July are similar at
radiometer 3 are highx(250K) year round in the northern yert.|cal pqlanzaﬂon, and slightly change at horizontal polar-
coastal regions (extending up 0200 km inland), whereas iZation (Fig.3). TBs have a range of about 180-260K and
the other coastal regions show a seasonal cycle with loweft40—-240 KatVand H polarizations, respectively. In summer,
TBs in summer than in winter. This cycle directly results lOWer TBs exist at both polarizations, and they correspond
from the sea ice seasonal cycle, and the presence of open wif 9id cells located in coastal regions where open water is
ter in summer. Off the north and northeast Greenland coast®resentin the instrument field of view.

sea ice is present year round, whereas it is not on the other USing radiometer 1, the time series of TB near South

Greenland coasts (see ice concentration mapBricker ~ DOMe (snow accumulation of 0.49m w.&urgess et al.
etal, 20149). 2010, and near Summit (snow accumulation of 0.23 m w.e.,

Farther inland, TBs increase from190 to~ 230K as el- Burgess et al.2010 show that there is no annual cycle re-

evation increases, and therefore as temperature, snow accled to seasonal variations in the snow temperature profile
mulation, and days of melting snow decrease. Inland (wherdFig- 4); see Fig.1 for localization. However, observations
snow is mostly dry), the lowest TBs are found year round!n Summer are impacted by snowm_elt. Observations in the
in the central part of south Greenland at latitudes betweerpOUth Dome area show a sudden increase of TB (#ig.

~ 62 and~68° N (radiometer 3 observations are180K at Hourly air temperature measurements at the nearby weather
V polarization, Fig.1). Additionally, at these latitudes there Station (63.149N, 44.817 W), part of the Greenland Cli-

is a clear distinction between the eastern and western sides gfate Network (GC-neSteffen et al. 1999, were above the

the GIS, with systematically lower TBs on the eastern side.Melting pointduring thatweek (during 3 consecutive days for
This difference comes from the different ice sheet proper-12h)- Thus, the sudden increase of TB is associated with the
ties. Southeast Greenland has the highest snow accumul®€Sence of liquid water in the snow cover. TBs remain high
tion (Burgess et al2010), whereas southwest Greenland has S 10ng as measured air temperatures exceelj thaintain-
lower snow accumulation and more melt; a large part of thisid the presence of liquid water. Later in the summer, TBs.
region is in the ablation zone. Therefore, the L-band radiationd€crease as liquid water content decreases (freezes). This is
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TB at Summit was 222.9 3.2 K and 210.4 3.9K at V and 2o 2012 Date 2o

H polarization, respectively. Figurealso shows the TB ob-  Fig. 4. Time series of TB (radiometer 1) at 4§ and H (0) po-
servations at Summit during the summer 2012, and the timearizations, and GC-net air temperature measurements over South
series of hourly air temperature measurements recorded bPome (top two panels) and Summit (bottom two panels). The gray
the Summit GC-net weather station (72.5%9 38.505 W). envelop corresponds to the weekly TB standard deviation.

TBs started to increase by8K in late May 2012, and sud-

denly dropped by more than 15 and 20K at V and H polar-

izations, respectively. The drop occurred during the Aquariusdeep in the ice sheet, surface reflection is an important pro-
cycle 47, 12-19 July 2012. Melt occurred at Summit dur- cess of the radiative transfer. It has been demonstrated that
ing 4-5 days, ending on 14 July 20184]l et al, 2013. regions where melt occurs can bias snow accumulation re-
An analysis of the swath data showed that the lowest TBtrievals using microwave TBMagand et al.2008, Fig. 4

was observed on July 11. While melting snow has a high-shows that similar bias can be expected using L-band obser-
microwave emissivity implying high TB, Aquarius did not vations.

capture the high TBs at Summit characteristic of melting

snow (Fig.4). It is worth noting though that the TB level after 3.2 The Antarctic ice sheet (AIS)

the melt event is- 5 K lower, revealing the significant impact

of the recently formed near-surface refrozen snow layer onAIS L-band TBs are characterized by low, stable TBs in the
TB (Fig.4). Even though the L-band radiation emanates frominterior of the continent, and TBs varying seasonally on the
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Fig. 5. Maps of TB (radiometer 3) at V polarization (in K) over the AIS every two months in 2013. Grid cells with land fraction less than
0.25 were masked.

periphery. Low TBs & 200K) observed at V polarization the Vostok Lake (76.3965, 105.852E). This suggest that
with radiometer 3 in January and February in the continentthe radiometrically cold lake and/or the particular ice proper-
periphery are due to the presence of the surrounding sea-icdies over the lake influence the L-band observations. There is
free ocean (Fig5). This effect is only visible on a narrow also an obvious contrast between the Antarctic plateau and
band of latitudes. Slightly farther inland, there is another nar-the West AIS (WAIS). The Plateau has higher elevations,
row band of latitudes with very high TBs (250-265 K) year lower snow accumulations, no melt events, and thus lower
round. The spatial extent of these high TBs progresses inland@ B than Mary Byrd land (Fig5). Standard deviations of TBs

as snow is melting, and reaches its maximum in January. observed at V polarization by radiometer 3 during one cycle

Low-elevation regions experiencing seasonal melt eventsn winter are presented in Fi@. Several previous studies
have a different passive microwave signature than the drydiscuss these spatial distributions of microwave observations
snow zone at higher elevations. As described in Stfor at higher frequencies and their correlation with geophysi-
observations over the GIS, TB time series in the melt zonecal properties (e.gL.ong and Drinkwater200Q Schneider
are characterized by sharp TB variations due to the presencand Steig 2002 Schneider et al2004 Picard et al.2009
of liquid water. Once the liquid water content decreases, TBBrucker et al.2010, which are also evident at L band.
decreases too. Depending on the intensity of the melt event, Strong and direct interactions between ice sheets and
show properties (such as density) may significantly changepcean occur under ice shelves. The Amery ice shelf and
which will modify the microwave emission. When assuming ice shelves in the Antarctic Peninsula (e.g., Larsen C lo-
a specular reflection, reflection coefficient of dry snow de-cated 67.5S, 62.5 W) are characterized by low-winter TBs
pends on permittivity values (i.e., the real part of the dielec-(Fig. 5). This suggests that Aquarius observations could be
tric constant), which in turn mostly depends on density. Thus,analyzed in these regions to study the relationship between
for observations over dry snow, density at the air—-snow inter-L-band TBs and ice shelf properties (e.g., thickness). Future
face as well as vertical density variation within the firn/snow studies could also investigate the different processes that can
controls in part the difference between the vertical and hori-operate at the ice-shelf base (e.g., refreezing, or melting re-
zontal polarizations. leasing fresher water initiating deep water formation).

The lowest TBs not contaminated by sea-ice-free ocean Considering one weekly gridded TB data set in winter
are located on the high-elevation domes of the Antarctic(July) and in summer (January), the ranges of TB for the
plateau. The lowest mean-annual TBs of the Plateau are lowhole observed AIS are 206-270K and 178-250K at VV and
cated at both polarizations in grid cells within or adjacent toH polarizations, respectively (Fi®). At both polarizations,
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Fig. 7. Time series TB (radiometer 1) at M and H (o) polariza- TB V increases as the incidence angle increases, whereas

tions over Dome C (black), and Mary Byrd land (gray). The gray 1 | gecreases as the incidence angle increases. A detailed
envelop corresponds to the weekly TB standard deviation. discussion of the main temporal TB variations and the effect
poral ariations a e effec
of snow surface metamorphism on L-band TB observations
is presented iBrucker et al.(20143. The good sensitivity
the range of TB is smaller than that observed over the GISof Aquarius’ radiometers made it possible to relate the sig-
Distributions slightly change between the two seasons, withnificant TB variations of up to 2.5 K observed at Dome C in
more grid cells having higher TBs in summer, but the rangessummer to changes in snow surface properties. The main TB
do not vary much. As noted earlier, the lowest summer TBsvariations correspond to periods with hoar crystals on the sur-
are due to the presence of open water. face. Therefore, in spite of the deep penetration of the L-band
The AIS can be used as a target for sensor calibratiorradiation, evolutions of the snow properties near the surface,
and intercalibration at L band. Dome C is a potential can-that usually change rapidly and irregularly, influence L-band
didate Prinkwater et al.2004 Macelloni et al, 2013. Over  observations.
the period September 2011-September 2013, the mean TBs Aquarius provides the lowest microwave frequency obser-
observed by Aquarius’ radiometer 1 at Dome C (7%1  vations to routinely observe the cryosphere. The next lowest
123.35 E, snow accumulation rates of 7.2 cntyr Urbini frequencies are available on the Advanced Microwave Scan-
et al, 2008 are 202.53:0.26 K and 190.120.47K at V  ning Radiometers 2 (AMSR?2) in the frequency range 6.9—
and H polarization, respectively (Fig). These TB stan- 89 GHz. Observations from these sensors at Dome C are pre-
dard deviations over the two-year period are low, but theysented for an entire year in a scatter plot of TB H as a func-
are higher than the radiometers’ sensitivity (6f0.2K tion of TB V (Fig. 8). The amplitude of the variation during
per 1.44s observation sample over perennial dry snow)the year decreases as frequency decreases (i.e., the width of
Over the WAIS, in one grid cell of the Mary Byrd region the ellipse is reduced going from 89 GHz (gray) to 6.9 GHz
(79.242 S, 117.718W), mean TBs for the same period are (red)). This is explained by the lower frequency channels
229.68+0.56 K and 222.120.74K at V and H polariza- having larger penetration depths, and being thus less sensi-
tion, respectively (Fig7). Temporal variability is higher atH tive to variations in the temperature profile resulting from
than V polarization, which was already observed at L bandsolar heating. Considering data from AMSR2 only, observa-
(Macelloni et al, 2013 Brucker et al. 20148 and at higher tions at V polarization increase as frequency decreases (from
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gray to red), and observations at H polarization decrease aat 1 GHz show decreasing values as brine volume decreases
frequency decreases (i.e., each ellipse of AMSR2 TB obser{Hallikainen and Winebrenng992. Thus, TB values are
vations move toward the bottom right corner of R8gas fre-  higher over multi-year sea ice than seasonal sea ice, as brine
quency decreases). Aquarius TB H observations decrease &s released. Microwave observations also depend on large-
the incidence angle increases (from radiometer 1 to 38yjg. scale properties of the sea ice cover, whether the sea ice cover
but they are higher than every annual mean AMSR2 TB H.is packed or fractured with the presence of leads (open water
At both polarizations, Aquarius TB observations are higheror new/thin ice).

than every annual mean AMSR2 TB. Aquarius radiometers To present Aquarius weekly polar-gridded TB product
operate at lower incidence angles than AMSR26.3 vs. over seaice, all data associated with the presence of seaice is
55°), which likely explains this behavior. Modeling studies used. Due to the large-footprint dimensions, this implies that
are required to quantify the contributions of the different in- extensive areas with low TBs are also considered (Fgs.

cidence angles. and 10). For reference, TB V of ice-free ocean is typically
less than~ 125K for radiometer 3, and less than107 K
3.3 Seaice for radiometer 1. TBs higher than that are attributed to the

presence of sea ice.
In contrast to ice sheets, sea ice is a more dynamic cover. Inthe NH (Fig.9), TBs are the highest when snow on sea
Sea ice forms, grows, and melts according to the seasongse is melting (typically in May and June). TBs are lower
and some sea ice remains year round in certain regions afuring the summer months likely when the sea ice cover is
both the Arctic and Antarctic. Microwave observations de- more fractured, with leads exposing open sea water. Overall,
pend on the physical (and dielectric) properties of sea icea similar TB evolution occurs during the year over the SH
and its overlying snow cover, both of which evolve with time. sea ice cover (FigL0). In Fig. 10, the Ross polynia (755,
The dielectric constant of sea water is very high, and the di-178 E) can be observed in Summer (January—March).
electric loss increases as salinity increases, resulting in large Sea ice can extend to low latitudes (especially in the SH
surface reflectivity and low-microwave TB of ice-free ocean down to latitudes of- 55° S or less). There, Aquarius spatial
(Dinnat et al, 2009. Permittivity and dielectric loss values coverage is significantly reduced. At higher latitudes, where
of sea ice are significantly lower, resulting in higher emissiv- more observations are available, some variability is visible
ities. Hence, TB increases as the ice fraction in the field ofon the weekly TB maps (e.g., distinct lines in July; last panel
view increases. Experimental permittivity and dielectric loss of Fig. 9). This is related to the fast changing properties of

www.the-cryosphere.net/8/915/2014/ The Cryosphere, 8, 91986, 2014
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Fig. 10.Maps of TB (radiometer 3) at V polarization over the SH sea ice every two months in 2013. Grid cells where the land fraction was
more than 0.25 were masked.

the sea ice cover during the one-week period used to create
the gridded product.

To analyze further Aquarius TBs over sea ice, the relation- 1
ship between ICEF and TB V is analyzed. To that end, swath
TBs and ICEFs were used, so that there is no influence of 03
gridding and averaging. Moreover, data in the Ross Sea were
used to avoid land contamination. Figuk# illustrates two
important and distinct points. First, it shows the high sensitiv- o7
ity of TB to the presence of sea ice; there is a continuous in-
crease of TB V (radiometer 1) betweerl07 K, the level for 0.6
ice-free water, and- 250 K which corresponds to a packed . :
Antarctic sea ice cover in winter. Second, Fig.shows that & 0-5] =&
there are numerous low-TB observations1(10 K) associ- .
ated with ICEFs ranging from 0 to 0.5. From our investiga-
tions, we noticed that an ICEF of 0.5 raises TB about 70K 44
(85K) above the nominal ocean TB level at V (H) polariza-
tion using radiometer 1. ICEF comes from estimated sea ice 0.2
concentration integrated over the sensor’s field of view and
weighted by the antenna gain patterns. For the data with a 0-1
surprisingly low TB, it is very likely that the sea ice concen- 1
tration estimates (obtained from the analysis by NOAAs Ma- 100 150 200 250
rine Modeling and Analysis Branch, and distributed by the TBV (K)
US National Centers for Environmental Prediction (NCEI.D) Fig. 11.ICEF as a function of TB V (radiometer 1) in and north
as the Global Forecast System (GFS) Global Data Assim- . .
g . . of the Ross Sea (see embedded map with the location of the foot-
ilation System (GDAS) sea ice product) are overestlmatedprim measurements). Swath data from cycle 85 to 105 (i.e., between
Extreme caution should be used over the oceans where theygapil 2013 and 29 August 2013.
are obvious discrepancies between the ICEF and TB.

0.8

0.4
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Fig. 12.NRCS (beam 3) at VV (left panels), VH (middle panels), and at HH (right panels) recorded over the GIS during the cycle 72 (3—
10 January 2013) and during ascending orbits (first row), and descending orbits (second row). Grid cells where the land fraction was less
than 0.25 were masked.

Studies carried out with SMOS observations show that the The different polarizations contain information on the
L-band TB contains information about thin sea ice thicknessstructural characteristics of the ice/firn/snow medium and its
(e.g.,Kaleschke et a)201Q Huntemann et al2014). Since  surface. NRCS values recorded during the first week of Jan-
thin ice is fragile, it is associated with a very heterogeneousuary, 2013, over the GIS show similar patterns at the three
surface; the Aquarius large-footprint observations will make polarizations (Figl12, first row) and similar patterns between
the retrievals of thin sea ice thickness very challenging,the ascending and descending orbit observations (Fg.
though they may be complementary to CryoSat-2 sea icdirst row vs. second row), though small differences in in-
thickness as, for instance, retrieved biendricks et al. tensity exist. Overall, NRCS values decrease (i.e., become
(2013. more negative) from the coast toward the highest elevations

of the GIS. At higher frequencies, the spatial distribution of
) NRCS was correlated with the wet snow zone, the perco-
4 L-band NRCS product analysis over the cryosphere lation zone, and the dry-snow zorieofig and Drinkwater

. . 1994). Seasonal variations are observed on the NRCS, but
While space-borne L-band synthetic aperture radar (SAR)(heyLDare smallLong and Drinkwate(1999 provide a de-

observations have been available since 1992, space—borqe. . . -
. ; diled analysis of the spatial and temporal variations of the
L-band scatterometer observations were first collected b

Aquarius in 2011. NRCS analysis over the ice sheets was RCS. over the dlfferent_zone_s of _the GIS using K'.“"ban.d qb-
reviously studied at C band and Ku band (summarized inservatlons, and the relationship with snow properties. Similar
ll[\)/lassom énd Lubin2008. In this section, NRCS observa- processes may be related to the L-band NRCS observations.

tions are presented at the three different polarizations (VV, Over the AIS (F|g.13}, the main patterns are also simi
. . lar at all three polarizations. However, NRCS recorded dur-
VH, and HH) that could be used to infer snow/ice and sur-. . : . L .
. . . ing ascending and descending orbits are significantly dif-
face properties over ice sheets and sea ice.

ferent. Differences between orbit types are visible across
the ice sheet, but predominantly in East Antarctica. For
instance, differences are easily identified in the Dronning

Over the GIS, the weekly gridded product provides full spa-Maud Land sector (20/-43 E), in the Victoria Land sec-
tial coverage of the northern portion of the ice sheet (latitudegor (140-160E), and in between (e.g., 75-105). The
higher than 77N). As with the radiometer, the amount of linear correlation coefficient between NRCS co-polarized
valid data considered in the weekly gridded product is lower(VV and HH) observations of the ascending and descend-

for the descending orbits than the ascending orbits due to th#g orbits for this first week of July, 2013, is weak (0.51-
RFI contamination (Fig. 1 inBrucker et al,2014b. 0.61; Tablel). NRCS observations at the cross-polarization
VH have a stronger correlation coefficient between the two

4.1 Ice sheets
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Table 1. Linear correlation coefficients of the weekly gridded

physical properties. At C band, it was shown that the NRCS

NRCS observations made during the ascending and descending ovariation to changes in ice properties (such as brine volume

bits over the AIS during the first week of July 2013 (cycle 98).

Beam1l Beam2 Beam3
\AY 0.519 0.608 0.526
VH 0.813 0.868 0.884
HH 0.510 0.625 0.569

orbit types (0.81-0.88; Tabl®). These values illustrate the

and wetness) depends on the incidence arggbdrien et a).
2010. Using brine—snow dielectric parameterizations based
on a dielectric mixture model for snow with brine inclusions
(Drinkwater and Crockerl988, dry-snow permittivity in-
creases as brine volume increases, temperature increases, and
density increases. Brine volume has the largest influence on
the permittivity of dry snow.

NRCS observations over sea ice are only presented at VV
polarization using beam 3 (Fi§i4). The lack of observations

importance of distinguishing the ascending and descendind the Beaufort sea (North of Alaska) results from the RFI
orbits when analyzing the NRCS observations, regardless ofontamination Brucker et al. 2014). Additionally, since

the polarizations. For a given orbit type, the correlation be-

only ascending orbits were considered, the spatial coverage is

tween the polarizations is the strongest between VV and HHSParse in all Arctic seas; only the central Arctic Ocean s fully
and increases as the incidence angles increases (from 0.9¢0nitored. There is a strong seasonal cycle of NRCS, and

at 29.2 t0 0.998 at 46.3).

At the three polarizations, NRCS observations reveal in-

in the NH, NRCS are the lowest (abou0 dB) when the
sea ice cover is packed and snow covered. NRCS values in-

teresting differences between the two sides of the wester§§r€ase in summer and reach their maximum (abdl2dB)
Antarctic ice divide. On the Antarctic Peninsula side, wherein September/October before the snow accumulates. In win-
snow accumulation is high, low-NRCS values are observedter, seaice north of Greenland and the Canadian Archipelago
On the Ross ice shelf side, where snow accumulation id?ave a higher NRCS (about18dB vs.—-20dB or lower

lower, NRCS values are higher.
4.2 Sealce

The large field of view of Aquarius scatterometer in conjunc-

tion with the spatial heterogeneity of sea ice make it chal-

elsewhere). These higher values correspond to a region of
older and thicker sea ice with less brine, where roughness of
each interface within the 3 dB footprint can be large com-
pared to the wavelength (21 cm).

The strong seasonal cycle also exists over Antarctic seaice
(Fig. 15). It is most visible in January—March, when summer

lenging to attribute the changes in NRCS to specific geo-

The Cryosphere, 8, 915930, 2014
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Fig. 14.Maps of beam 3 NRCS VV over the NH sea ice every two months in 2013. Grid cells where the land fraction was more than 0.25
were masked.

Fig. 15.Maps of beam 3 NRCS VV over the SH sea ice every two months in 2013. Grid cells where the land fraction was more than 0.25
were masked.
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1 as soil temperature becomes positivirbnov et al, 2013.
A ' AAN ) This variation leads to an increase in TB and allows the deter-
Ay mination of soil physical state using L-band TB observations.
= /' To highlight the potential of the weekly gridded products
il for the monitoring of frozen soils, a two-year time series was
,/ A extracted from the TB and NRCS data sets in three loca-
| ALV ‘ : , ‘ tions over sub-Arctic environments (in North America, Eu-
osesl 1) N 1N rope, and Asia). In these regions, seasonal snow is present
‘ ‘ iy and frozen soil/permafrost may exi®rown et al, 2001).
|l The ratio TB H over TB V (TB H/V) increases in fall, re-
, ! mains high during the entire winter, and decreases in spring
Aug. S Ot N D . Pt o Jr. Wy . . A, 8. 0. Now. D Ja. i Ll ot M. . 4l (Fig. 16, top), typical of soil physical state change.
’ The time series of NRCS in the Asian location also show

0.985

o
©
3

0.975

TBH/TBV

o
©
<

0.96 I

0.955

: ” N very distinct values in winter vs. summer (FiLg, bottom).
o ‘ i At the three polarizations (VV, VH, and HH), NRCS are low

2 B R during the winter months. These time series show informa-
G tion contained in both the passive and active L-band data sets
8 | . A | ™ are related to the soil physical state and its surface, and re-
i : it quire additional research.

6 L-band remote sensing of SSS

“hoasep 0o Mo bec i o »;arz'é;;l}zmy K 3 A Sep Ot v Do an o Ma}.zs%my. Jon . Ocean salinity and temperature differences drive thermoha-
line circulations, and play a key role in the ocean—atmosphere
Fig. 16. (Top) time series of the TB H/V ratio in three locations: coupling. The strong and direct interactions between ocean
North America (Alaska, USA), 66N, 150 W (black*); Northern  and the cryosphere (primarily with sea ice and ice shelves)
Europe (Finland), 673N, 29 E (blue 0); and Asia (Russia), 66l also contribute to the thermohaline circulation (eRudels
149.5 E (red +). (Bottom) time series of NRCS at (from top to 1995 Dickson et al, 2008. The weekly gridded product of
bottom) HH (continuous line, dov_vnwa_rd triangles), VV (d_otte_d Iin(_a, SSS enables the monitoring of SSS changes in the polar re-
plus symbols), and VH (dashed line, circles) for the location in As'a'gions, and possibly freshening resulting from the melting
cryosphere. However, while the algorithm used in the Aquar-
ius Level 2 processing for retrieving SSS performs well in
the tropics and mid-latitudes (warm) oceabhaderloef et al.
r2013, L-band SSS retrieval in the polar (cold) oceans is chal-

As noted in Sect. 3.3 (and Fidl), it is very likely that the lenai : o .
. . . enging. SSS retrievals have not yet been specifically vali-
NCEP GSF GDAS sea ice concentration overestimated th%latgd ?n cold water. and should beyused with Eaution y

Rresenc_:e of Ice. Durrl]ng the W|nter.mont‘r‘1§ . NhR(ll\ISR\/éallsue_s °,‘,’er Polar ocean waters are cold and L-band observations are
f ntart(;nc Sei 'ge S Qwsta ItransTgrE\F( F”g tTh i fng ) less sensitive to salinity in cold waters. In addition, salinity
rom the packed sea ice (o fower (Fig). The transi- retrieval is less accurate for very rough sea surfaces. For in-

tion corresponds roughly to an ICEF contour of 0.3-0.4. stance, in the Southern Ocean there are strong winds and the
oceanic circulation is dominated by the Antarctic circumpo-
lar current, which reduce the quality of the SSS retrievals.
Finally, the presence of sea ice and icebergs in the sensors’
field of view adds complexity to the monitoring of SSS in the

The detection and mapping of frozen soils can be inferredhigh latitudes. As presented in Sect. 3.3, TB is highly sensi-

:ASQE%E:%S;ZSS?; llj_t_lagf;oegsaé'rigﬁ2n2ni(?rc§v?v(een'%’e_ tive to ICEF, and there is no correction in the SSS algorithm
. ) 9 for the presence of ICEF. The presence of ICEF increases

quency, polarization, and incidence angle, the TB of bar B (Fig. 11) and, if not identified accurately, is interpreted

IS:(:(Ijlr:: I#gg:g?cglf stg):]zlcili;;?c?r?éstgtre;(n;oiglig:/cgiure'by the SSS-retrieval algorithm as a decrease of SSS. There-
P : fore, one should be particularly careful when studying SSSin

tigated the possibility of retrieving both the surface temper—.Ehe vicinity of sea ice edge and ice sheet, Put simply, increas-

ature and the temperature gradient of the Arctic tundra soi ;
. : . - ~.~7'ing TB due to the presence of ice can appear as erroneous
(active layer) from L-band TB. Simulations of refractive in- freshening

dex and normalized attenuation coefficient for different soil
temperature and moisture levels reveal a noticeable variation

sea ice remains. The very low-NRCS values far from the
Antarctic coast in summer are characteristics of open wate

5 L-band remote sensing of land
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Fig. 17.Maps of SSS3b over the NH high latitudes for cycles every other month in 2013. Grid cells where the land fraction was more than
0.25 were masked.
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Fig. 18.Maps of SSS3b over the SH high latitudes for cycles every other month in 2013. Grid cells where the land fraction was more than
0.25 were masked.
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When SSS retrievals are possible in the Arctic Oceanbe used for improving our understanding of low-microwave
(Fig. 17), values are low € 30 psu). One can also see that frequency observations, and for the development of new or
blue colors are usually present in the vicinity of the searefined algorithms.
ice margin. This may result from sea ice contamination of
the Aquarius observations, and does not necessarily reflect
a low SSS. These maps also show the significant differenc@cknowledgementsThis research was funded by the NASA Scien-
between the Atlantic Ocean (saltier) and the Pacific Oceartific Innovation Fund. We acknowledge PO.DAAC for distributing
(fresher). SSS in the polar regions is expected to vary seathe Level 2 Aquarius data (version 2.0) and NSIDC for archiving
sonally as ice freezes up (leaving saltier water in the oceanjnd distributing the weekly gridded products presented in this
and melts (adding fresh water in the ocean). paper. We also acknowledge A. Decharon and L. Taylor (University

SSS retrievals in the Southern Ocean (Ei§).show a sea- of Maine, School of Marine Sciences) for hosting the visualization
sonal cycle with lower SSS near the sea i(.:e edge in win-Of the weekly gridded products of brightness temperature and sea

ter. Thi . Its f . taminati b surface salinity on the Aquarius Education & Public Outreach
er. This again results from sea ice contamination, becausg e bttp://aquarius.umaine.edu/cgi/gal_latitudes_tbv.latnd

in winter during sea ice formation and growth higher SSShttp://aquarius.umaine.edu/cgi/gaI_Iatitudes_sss.hriﬂp)ectively).

are expected. In addition, unrealistic low-SSS retrievals carkinally, we acknowledge the reviewers for their useful suggestions.
be associated with the presence of icebergs (e.g., localized

SSS lower than 32 psu in January where no land is presertdited by: L. Kaleschke
nearby). This shows that SSS retrievals should be interpreted

with care in polar oceans and polynia until better corrections

for sea ice and land contaminations are provided. References
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