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Abstract. DMRT-ML is a physically based numerical model 1 Introduction

designed to compute the thermal microwave emission of _ _ _ _ _
a given snowpack. Its main application is the simula- Passive microwave radiometers on-board satellites acquire

tion of brightness temperatures at frequencies in the rangélSEfU' observations for the characterization of snow-covered
1-200 GHz similar to those acquired routinely by space-areas. These observations are available in these areas several
based microwave radiometers. The model is based on thémes a day, are relatively insensitive to the atmosphere in
Dense Media Radiative Transfer (DMRT) theory for the many frequency bands, and are independent of the solar il-
computation of the snow scattering and extinction coeffi-lumination. They are sensitive to several properties relevant
cients and on the Discrete Ordinate Method (DISORT) to nu-for monitoring the snow cover and have been exploited in nu-
merically solve the radiative transfer equation. The snowpacknerous algorithms to retrieve continental snow cover extent
is modeled as a stack of multiple horizontal snow layers andGrody and BasistL996, snow depth and snow water equiv-
an optional underlying interface representing the soil or thealent on both landJosberger and Mognara002 Kelly and
bottom ice. The model handles both dry and wet snow con-Chang 2003 Derksen et a).2003 and sea ice Gavalieri
ditions. Such a general design allows the model to accoun€t al, 2012 Brucker and Markus2013, snow accumulation

for a wide range of snow conditions. Hitherto, the model On ice sheetsAbdalati and Steffen1998 Vaughan et aj.
has been used to simulate the thermal emission of the deep999 Winebrenner et 31.200%; Arthern et al, 2006, melt

firn on ice sheets, shallow snowpacks overlying soil in Arc- €vents fbdalati and Steffen1997 Picard and Fily 2008,

tic and Alpine regions, and overlying ice on the large ice- Show temperatureShuman et a/.1995 Schneider 2002
sheet margins and glaciers. DMRT-ML has thus been vali-Schneider et al2004, and snow grain sizeBfucker et al.
dated in three very different conditions: Antarctica, Barnes201Q Picard et al. 2012. Some of these studies are based
Ice Cap (Canada) and Canadian tundra. It has been recent§n empirical relationships supported by physical interpre-
used in conjunction with inverse methods to retrieve snowtations Koenig et al. 2007 and others directly use phys-
grain size from remote sensing data. The model is written inical models and data assimilation techniquBsirand and
Fortran90 and available to the snow remote sensing commuMargulis 2007 Picard et al.2009 Takala et al.2011 Toure

nity as an open-source software. A convenient user interfac€t al, 2011 Huang et al.2012. In both cases, understanding
is provided in Python.
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1062 G. Picard et al.: Simulation of the microwave emission of multi-layered snowpacks

and modeling the physical processes of the microwave emis-  tion of spherical ice particles and provides analytical

sion by snow and the underlying surface are crucial. formulas of the effective propagation wave number, the
Modeling the snow microwave emission from snow phys- scattering and absorption coefficients as a function of

ical properties takes in general two successive steps. The the sphere radius and the density. It is attractive be-

first step is the computation of the electromagnetic proper- cause sphere radius and snow density are well defined

ties (e.q., effective dielectric constant, scattering and absorp-  and, when the snow grains are close to spheres like in
tion coefficients) that characterize the propagation and the  fine grained snowGolbeck 1993, they are both mea-
single events of interaction between wave and matter. These surable in the field. Moreover, the DMRT-ML theory
properties are calculated from the geometric micro-structural ~ has solid theoretical grounds and has been regularly im-
properties of the snow, assumed to be homogeneous withina  proved during the last two decades.

given layer. The second step is the computation of the emis- . ) )

sion and the propagation through the snowpack by account- These theories have been implemented in several models:

ing for the multiple interactions of microwaves within the the SFT inSurdyk and Fily(1999, the IBA in MEMLS
{Matzler and Wiesmanri999 and the DMRT-ML inMa-

snow as well as by refraction, reflection and transmission a , _ , o
the interfaces. It is often treated with the radiative transferce!loni et al.(200); Tedesco and Kin{2008; Liang et al.

equation on a plane-parallel medium for which generic solu-(2008; Grody (2008; Brogioni et al.(2009. In addition to
tions exist Tsang et al.1985 Fung 1994. In contrast, the (1€ underlying theory, the models differ by many aspects, in-
first step is specific to the medium. In the case of snow, thet!uding the methods for solving the radiative transfer, the
main challenge for the electromagnetic calculation is the highP€Sence of smooth or rough interfaces, the possible num-
density of scatterers. The volume occupied by the scatterer@er Of layers, etc. In particular, HUT uses the two-stream
over the total volume (referred to as the fractional volytje ~ Method and MEMLS the six-stream method while most
is significant — typically larger than 20% —, which implies DMRT—baseq models consider a larger number of streams.
that the scatterers strongly interact with each other and thd '€ comparison for a large variety of snow typ&sdesco
independent scattering theory used for vegetation or cloud&"d Kim 200§ showed that no particular model systema-
(Tsang et a].1985 Ulaby et al, 1986 Chuah and TarL1989 tically r_eprodu_ces all of Fhe experlmgntal data. It is not yet
is inadequate. Several empirical formulas relating the scatknoWn if the discrepancies were attributable to the electro-
tering and absorption coefficients to grain size and densityagnetic theory, specific details of the implementations of
have been proposed to solve this issue and are found in thi!® Models, or uncertainties pertaining to input or evalua-
Helsinki University of Technology model (HUT/TKKRul- t|on_ da’ga. Moreover, t_he different representations o_f thg snow
liainen et al, 1999 Lemmetyinen et 82010 and in the Mi-  9rain size in these different approaches are a major limit to
crowave Emission Model of Layered Snowpacks (MEMLS) th_e comparison. Both MEMLS and HUT/TKK models are
(Wiesmann and Mitzler 1999. The derivation of relation-  Widely used Buttand Kelly 2008 Durand et al.2008 Rees
ships from Maxwell's equations is an attractive alternative &t &l- 2010 Brucker etal.2011h Gunn etal.2011). In con-

because it is independent of particular snow conditions andrast: several groups use home-made DMRT-based models
the assumptions are explicit: but no widely-used reference implementation exists, which

limits the spread of this theory and limits the comparisons
— the strong fluctuation theory (SFTStogryn 1986 al- between studies.
lows calculations at low frequencies typically less than The objective of this paper is to present the DMRT-ML
20 GHz; (DMRT Multi-Layer) model that was released under an open
.. source license and accompanied by a detailed documentation
— to cover the frequency range of 1-100 GHz, which is (. //1gge.osug.frpicard/dmrtml). This model initially
relevant for existing radiometertjatzler (1998 pro-  jeyeloped at Laboratoire de Glaciologie arb@hysique de
posed the improved Born approximation (IBA). As in pEpyironment in Grenoble, France, for perennial snowpack
the SFT, the size of grains is given by the correlation gycker et al, 2010 20114 and improved for seasonal snow
Iepgth Matzler, 2002. This metric |s.weII defined but ., <oil Roy et al, 2013 and on superimposed icB@pont
direct measurements are only possible from 2-D or 3-g¢ 4| 2012, is now suitable for modeling the microwave
D micro-structure data, which require advanced experi-gmission in a wide range of snowy continental environments.
mental techniques/fiesmann et a]1998. Estimations ¢ is ais0 designed to be extensible and uses standard For-
can be indirectly obtained from quantities measurableyangg, which allows efficient computations with different
in the field like the snow specific surface arééfzler 1 hes of computers and operating systems and facilitates the
2002 Arnaud et al,201]) or the micro-penetration pro-  empedding in other models or assimilation schemes. A con-
file (Lowe and van Herwijner2012); venient user interface is provided by the optional bindings

_ the dense media radiative transfer theory (DMRT; With the Python language.
Tsang et a].1985 West et al. 1993 Shih et al, 1997,
Tsang et al.2000a 2007 considers snow as a collec-
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This paper is a comprehensive scientific reference for TAtmos T5(6,z=0)
DMRT-ML users. It is structured as follows. Sectich . B
describes DMRT-ML in detail. Sectior8 presents the A air
sensitivity to the most important input variables and parame- 0
ters and provides practical recommendations on the validity _
range of the input variables and parameters to use. Settion a; p1 11 T, LWG, Ke1 Kaz k=1
summarizes the results of the detailed comparisBnsoker
et al, 2911a Roy et_aI, 2013 Dupont et al, 2913 with ra- a,p, T» T, LWC, Koy Kaz k=2
diometric data obtained for various cold environments. .
ak Px Te Te LWCy Kek Kak Kk

2 The DMRT-ML model
2.1 Radiative transfer equation and model architecture a, p T, Tt LWC, "(\(9/)4 KeL Kar :

k=L
The energy emanating from snowpacks is the result of the . '. 'L_mderIyin.g int'grfa]ce .TL;I g

thermal emission of the snow, the substratum and the atmo-

sphere, and of the complex propagatlon of this energy towarq:ig_ 1. The snowpack viewed by DMRT-MLL is the number of
the upper snow layers. The emission and propagation can bgyers. For each homogeneous layethe input variables and pa-
described by the radiative transfer equation. Assuming thafameters are grain sizg., snow densityp;, physical temperature
the medium is a stack df plane-parallel layers containing 7y, stickinessr;, and liquid water content LWC The extinction
an isotropic and homogeneous material, the equation in evergnd absorption coefficients andka are calculated with the DMRT-
layer is Qin, 1994 ML theory. The boundary conditions require the input of the down-
welling brightness temperatufg™°Sand the variables and param-

d eters to compute the reflection coefficieri®) of the underlying
coyy d_ZTB(Z’ 0,¢) = —kel'(2,60,9) interface (see Tabl#). The DISORT method is used to solve the ra-
diative transfer equation in the snowpack and provides as output the

/227
brightness temperatufis (6, z = 0) emerging from the snowpack.

+//Sin@’d@’dd/P(@,¢,9/,¢’)TB(2,9',¢>/)+KaT(z)I. (2)
00

. . , ) 2.2 Dielectric constants
By convention, matrices are written in bold, and vectors

in bold and italic.7 is the unit column vectorT's(z,0,¢)  The computation of the scattering and extinction coefficients
is the radiance at depth propagating along the direction in the DMRT-ML theory requires the dielectric constant of
with zenith angled and azimuth angle. According to the  the scatterer and background materials. When snow is dry
Rayleigh Jeans approximation, that is valid in the microwave(temperature strictly below the melting point), the grains are
range, T's(z,6,¢) also represents the brightness tempera-assumed to be composed of pure ice, whose dielectric con-
ture. Since the medium is isotropi€g is a vector with only  stanteice was measured bilatzler and Wegrialler (1987

two non-null componentsJin, 1994 p. 19): the vertically — andMatzler et al(2008:

and horizontally polarized brightness temperatugeandx, o

are the extinction and absorption coefficients in the layer ancice = 3.18844- 0.0009XT — 2730) + (— + /3\1) ., (2a)

P is the phase functiorf. is the physical temperature of the v

layer « = (0.00504+ 0.00620) exp(—22.10), (2b)
The model solves this equation for the particular medium 0.0207 exp(3735)

described by the input variables and parameters (Eig. =TT 335 (20)

Several steps are needed: the determination of the dielectric (exp(T) - 1)

propgrtigs of the consti'Futive materigls (Sezt), the de- 41,1610 142 4 exp(—9.963+ 0.037AT — 27316)),

termination of the effective propagation constant and of the (2d)

extinction and scattering coefficients for each homogeneous 300

layer of the medium (Sec2.3) by using the DMRT-ML the- O=—-1, (2e)

ory, the determination of the boundary conditions (S2eb. T

and lastly the numerical computation of the solution of the ra-where v is the frequency in GHzT the ice temperature
diative transfer equation (Se@.5). The result is the bright- in K and j2 = —1. This model is valid for temperatures
ness temperature emerging from the surface in several dire@bove 240K and in the microwave range (1-200 GHz) but
tions. Finally, other relevant variables are accessible via adits accuracy certainly decreases at low frequendies§ and
ditional post-computations (SeéL.6). Wu, 2004).
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When the snow is wet (at 273.15K), ice grains are coateccharacterized QCA-CP with large particlgsrody (2008

by liquid water with an uneven distribution controlled by proposed an empirical and computationally efficient treat-
capillarity forces. Since such a complex particle cannot bement of this issue. He noticed that snow is composed of par-
taken explicitly into account in the DMRT-ML theory and ticles with a broad range of sizes, which results in a smooth-
given the low content of liquid water usually present in moist ing of the undulation characteristic of the Mie resonances.
and wet snow (less than 8% olbeck 1993, DMRT-ML Hence, a good approximation of the medium scattering ef-
assumes that the grains are composed of a fictitious homdiciency Qs for large particles is the asymptotic limit, i.e.,
geneous material. The dielectric constagd; ice of this ma- 0s~ 2, accounting from the fact that the absorption is weak
terial is calculated using the mixture relationshigpfghese  (Twomey and Bohrernl980. If enabled by the user, DMRT-

et al, 2007 Chopra and Reddy1.986: ML applies this idea by limiting th&s maximum value to 2.

Nevertheless, this ad hoc correction has not the objective to
Ci+2C_

Ewetice = ————— ewater» (3a) replace the rigorous solution for fine-grained studiesafig
Ci—-C- et al, 20003.
C = &ice + ewater » (3b) Recent versions of DMRT-ML introduce the concept of
C_ = (gice — ewaten (1 — LWC), (3c)  Stickiness. Instead of considering randomly positioned non-

penetrable spheres, the sticky spheres are attracted to one an-

where LWC is the liquid water content expressed here as th@ther and tend to form clusters with large voids between. This
ratio between the volume of liquid water and the volume of concept is meant to better represent the micro-structure of
ice present in snow (in Afm~3) and the water dielectric con- nhatural snow using solely spherical grains. In this case, the
stantewater iS given by stickiness is also a means to account for coarse grained snow

by considering that such snow is made of small clustered
, (4a) particles. However, DMRT-ML only implements the “short
1—y Vlz 1—y Ull range” version of the sticky formulation, which assumes that
g0 =77.66+10330, (4b)  the clusters are small with respect to the wavelengtaig
et al, 2000h pp. 504-505). In this simplified case, the phase

£1—¢€2 Eo—¢€1

Ewater= €2 +

e1=0.067%0, (4c) function remains identical to that of the nonsticky small par-
£2=3.52+17.520, (4d) ticle case for which the optimization of the resolution of the
v1 =20.2— 14640 — 316072, (4e)  radiative transfer equation works (Sezt).

vy = 39.8u; (4f) Another way to improve the representation of the micro-

structure of natural snow is to consider a collection of spheres

2.3 Snow extinction and absorption coefficients, and  With different sizes. In DMRT-ML, the particle sizes follow

phase function: the DMRT-ML theory the Rayleigh distributionJjn, 1994. In addition, only the
nonsticky particle case is available because the formulation

The extinction and absorption coefficients, as well as thewith both stickiness and size distribution leads to a quadratic
form of the phase function are obtained by the so-calledsystem of equations that is difficult to solve and is computa-
DMRT-ML theory. Different versions of this theory have tionally intensive Tsang and Kong2001, p. 430).

been published over time and the underlying assumptions In summary, DMRT-ML includes two implementations:
can significantly differ from each other. Four characteristics
distinguish these versions: (i) the underlying approximation
used for the DMRT-ML derivation, (ii) the particle size with
respect to the wavelength, (iii) the stickiness between parti-
cles and (iv) the distribution of particle size. DMRT-ML pro-  _ qCA-CP poly-disperse with a Rayleigh distribution, no
poses some of these versions and allows various options as  gtjckiness and no large particles.

detailed here.

DMRT-ML uses the quasicrystalline approximation with ~ The mono-disperse version is formulated according to
coherent potential (QCA-CP)Téang et al.2000y and is  Shih et al.(1997. The effective dielectric constant with-
limited to particle size smaller than the wavelength. Thisout scatteringEefo is obtained by solving the follow-
may be a limitation at frequencies higher than 37 GHz anding quadratic Eq. (3) irShih et al.(1997 with a =0 or
with large grains commonly found in aged snow. The cal- EQ. (5.3.125) inTsang and Kong2001):
culation for large particles requires a Mie-like development
(Tsang et a].20003 and is computationally much more in-  EZ; + Eeffo(
tensive than the QCA-CP calculation. In addition, it leads to a
form of the phase function that is incompatible with the opti- where f is the fractional volume of scattereks, andes are
mization of the radiative transfer equation resolution used inthe dielectric constants of the background and scatterers, re-
DMRT-ML (Sect.2.5). To avoid the strong divergence that spectively. The effective dielectric constant with scattering

— QCA-CP mono-disperse, with optional “short range”
stickiness, and optional Grody’s-based empirical treat-
ment of large particles;

es—1
3

€s—€p
3

(1—4f)—€b)—6b a-5=0, (5)
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(Eg. 3 inShih et al, 1997 combined with Eq.§) yields: For the interfaces within the snowpack and at the air—
snow interface, DMRT-ML considers smooth interfaces. The
Eeff = ep + (Eeffo — €b) roughness of this interface due to ripples, sastrugi and other
<1+J§(k0a)3 ﬁEeﬁoes—gb dunes Wata_nab_el97a may (_:ontribgte especially at hori-
9 1 zontal polarization and grazing incidence angleacfoix
_ _ 4 et al, 2009, but the existing formulations of the bi-static re-
&s— &b a-5 . .
t35 1= Ax2/ —ifa=p2 ) (6)  flection coefficient are based on the method of moments and
eff are therefore computationally intensive and limited to low

whereq is the radius of the spheres ahg= /2 is the wave ~ frequencies£18 GHz;Liang et al, 2009 Chang and Tsang

number withx the wavelengtty. is zero for nonsticky spheres 2011). For flat interfaces, the reflection coefficient only de-
and otherwise is the largest solution of Eq. 63hih et al.  Pends on the zenith angle and the refractive indexes of both

(1997 sides of the interface. In DMRT-ML, it is obtained by Fres-
nel’s relationships (e.glin, 1994 p. 59) using the effective

it2 —(t+ f Y+ 1+//2 — @) dielectric constants calculated with E@).(

12 1-f7 @=-Hz 7 At the air—snow interface, the energy coming down from

the atmospherg3™°sis an input variable given by the user.

It is assumed isotropic in the current version of DRMT-ML
but this assumption can be easily changed. The calculation of
T2™M°Sfrom meteorological data requires an external model

wherert is the stickiness parametedlfih et al, 1997 Tsang
and Kong 2001, p. 430). At last, the extinction and absorp-
tion coefficients are respectively given by

Ko = 2ko3+/Eefr. (8a) (s;é:ggas proposed bHyosenkranZ1998 andSaunders et al.
Ka =Ke=Ks (8) At the bottom interface, to account for the diversity of me-
2 _ 2 1— )% dia that can be present below snow covers (e.qg., soil, ice, lake
4 3 €s—€p a-5) . . . . . .
Ks = §koa f e r)| @ 2f—ifA—)2’ (8¢c) ice, sea ice) and the diversity of electromagnetic modeling
3Eeit : approaches for the soil, several substratum models are avail-

able in DMRT-ML and the addition of new models is easy.
The role of the substratum model is to provide the reflec-
In the case of small particles, the phase function intion coefficient of the interface. DMRT-ML only takes into

DMRT-ML has the same form as with independent particles2ccount the reflection of the coherent wave and neglects the
Rayleigh phase functiodif, 1994 Egs. 2-26 to 2—28). diffuse reflections at the bottom interface. It means that the

The DMRT-ML theory inherits its name from the fact that roughness of the interface is only partially taken into account.

it extends the classical radiative transfer theory, which re-In @ddition to reflecting downwelling energy, the substratum

quires the particles not to interact with each other. This con-S @n émitter: the energy emitted and entering into the snow-

dition is met only when the fractional volumgis less than pack is calculated using the temperature of the substratum
a few percentlghimaru and Kugal982). Deépite its name.  9iven as an input variable and the emissivity deduced from
recent works suggest the DMRT-ML theory does not work the reflection coefficient and Kirchhoff's law.

for any large fractional volumes (see Se®3 for details). DMRT-ML proposes 11 models that cover sall, ice, lake

As a consequence, for icy layers or layers subject to severdid Semi-infinite snowpack. The user selects the type of sub-
melt—refreeze cycles, it is recommended to use the DMRTStatum model using an identification number and provides

ML theory for a collection of air bubbles embedded in ice (e required variables and parameters depending on the type

background. This is achieved in DMRT-ML by exchanging of model (Tablel). Since these substratum models have been
the dielectric constant of ice and air in EqS) &nd €). published elsewhere, their evaluation is not addressed in this

paper. In the case where snow lies over ice, DMRT-ML offers
2.4 Properties of the interfaces two options. If the ice is free of bubbles, isothermal and semi-

infinite, the best option to use is the “ice” substratum model
Once the extinction and absorption coefficients and the phas@iD 202, or ID 1 with ice dielectric constant). In any other
function within every layer are determined, all the variables conditions, it is recommended to represent the underlying
and parameters in Eql) are known and a general solu- ice using layers with a high density (up to 917 kg¥rfor
tion can be obtained independently for every layer. To obtainbubble-free ice) and no substratum. The number of layers
the particular solution and hence the brightness temperaturt® use depends on the temperature and density profile in the
emerging from the surface, it is necessary to propagate th&e. The total depth of the ice layers must be large enough to
radiation between the individual snow layers. This propaga-avoid “leakage” at the bottom. Special attention is required at
tion must ensure the energy conservation and requires thiew frequencies (like L band, 1.4 GHz) since ice absorption
reflection properties at every interface as well as any externatan be very weak and the layers well below 100 m can sig-
source of energy. nificantly contribute.

with & the imaginary part indicator and the scattering co-
efficient.

www.geosci-model-dev.net/6/1061/2013/ Geosci. Model Dev., 6, 106178 2013
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Table 1. Available models for the reflection coefficient of the bottom interface and required input variables and parameters. SM is the soil
moisture (volume fraction};, is the complex dielectric constaut,is the surface root mean square height (in metetgly and fsangare the
fractions of clay and sangporga is the density of dry organic matter (kg‘rﬁ), T is the temperature (in K) and Q and H are dimensionless
parameters. P99 stands feulliainen et al.(1999, D85 for Dobson et al(1985, M87 for Matzler and Wegiiiller (1987 and MO06 for

Matzler et al(2006.

Interface model Material Dielectric constant 1D Variables and parameters
No interface None 0

Flat surface, Fresnel Any prescribed 1 e
Flat surface, Fresnel Soil from P99 2 SW¥hay, fsand rorga T
Flat surface, Fresnel Soil from D85 3 S|,
Rough surface WM99 Any prescribed 101 0,8
Rough surface WM99 Soil from P99 102 a, SM, felay fsand Porga T
Rough surface WM99 Soil from D85 103 o,SM, T
Flat surface, Fresnel Ice from M87, M06 202 T
QH model W83 Any prescribed 301 o,Q,H,e
QH model W83 Soil from P99 302 o, Q, H, SM, fclays fsand Porga T
QH model W83 Soil from D85 303 o,Q,H, SM, T
Flat surface, Fresnel Fresh water from M87 402 T

2.5 Solution of the radiative transfer equation using the  index — mainly driven by the snow density profile — cause
DISORT method a change of the direction of the streams between the layers
(Fig. 2). A possible approach_{ang et al, 2008 uses the

Once the extinction and scattering coefficients of every Iayel"same Gau55|an_ quadrature in cevery Iayer (as_m the single-
layer case), which ensures an optimal integration at the ex-

and the reflection coefficients at all the interfaces are known, " . . L
ense of complex boundary conditions since cubic spline in-

the radiative transfer equation is solved using the DISOR i lati ded 10 * ¢ the st Wi
method Chandrasekhad960. This method takes into ac- erpolations are needed to reconnect the streams. We use
a simpler approach in DMRT-ML similar to that proposed

count multiple scattering within and between the layers,.

which is an asset with respect to the iterative methitshiig n Jin (1%94th 151|)' .TTE anglets a:cre (:gtelrm|necli bti/] Gatﬂs'
etal, 1985 Jin, 1994 Ishimary 1997 for which the number slan quadrature only in the most refraclive fayer. In the other

of calculated order of scattering is limited. It also computeslay_ers' the angles are d_ete_rmmed from Snell's refraction law,
which ensures the continuity of the streams between the lay-

the ener ropagation in an unlimited number of directions . .
gy propag ers. The boundary conditions are simpler at the expense of a

(or “streams”) as opposed to the two-stredul(iainen et al. b-ootimal int i tin th t refractive |
1999 or six-stream\Wiesmann and Ftzler, 1999 methods sub-optimal integration (exceptin € most refractive ayer).
his issue is easily compensated by increasing the number of

whose formulations are based on a fixed and small numbe-rr
of directions. The drawback of the DISORT method is usu_streamm. . .

ally the computational cost. However, in the case of passive .Another consequence (.Jf using the refraction law to deter-
remote sensing, isotropic media, and when the phase fund""® the stream a_ngles Is that the number o_f strearps (
tion has a simple analytical form, the azimuthal dependence — 1.--L, whereL IS t'he number of layers) varies _from one
in Eq. (1) can be analytically integrated. This simplifies the ayer to another. This is caused by the total reflection at large

equation and reduces the numerical complexity and compugenlth angles when a stream propagates from a higher to a

tation cost with respect to other cases like active remote senéQWer refractive index layer. Such streams in the high refrac-

ing (Stamnes et 311988 Picard et al.2004 or anisotropic t'Ve index Iaygr have no companion in .the low index one.
media. For snow passive microwave modeling, the assump?—rhIS aIso_app_Iles to theo S”e‘."‘m.s emerging from the Show
tion of an isotropic medium is reasonable and the DMRT the_mto the air. Since snow density is much higher than air den-
ory with small scatterers predicts that the phase function i
the Rayleigh phase functiodif, 1994 Eqs. 2—-26 to 2—-28),
which only involves the cosines of the azimuth angle.

In the single layer formulation of DISORT, the integra-
tion over the zenith ang¥’ uses a Gaussian quadratuda
1994 p. 96), i.e., it is replaced by a discrete sum of inte-
grand evaluation at optimal angles. The number of angles
is defined by the user. This approach cannot be seamless
transposed for multiple layers. The variations of refractive

sity, ng is usually much lower than. The only consequence

Sfor the user is that is not the number of emerging streams as

it would be in the six-stream or two-stream methods. In prac-

tice, it is recommended to adjusto get the wanted number

of emerging streamsg or alternatively to increase until

the residual variations of brightness temperature are less than

the wanted accuracy. Figupdllustrates a 4-layer snowpack

gvith snow density values, from top to bottom, of 50, 400,
00, 320 kg m3). Only upwelling streams are represented.
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otherwise 0. Note that th& matrix inJin (1994 Eq. 4—42b)
is trivial in our caseV = —k, owing to the symmetry of the
50 kg m* R_ayleigh phase function. Differentiating EG.0Q anq com-
. bining it with Eq. (LOb) leads to a second-order ordinary sys-
tem of differential equations. The solutions are of the form
400 kg m~®
Ta(uj,2)
-2
- 2”‘
200 kg m/‘//// = Z X €XP(0n2) +Ym EXP(— 0t (2 + d) | TS, (w)+2T 1, (11)
_3 m

where d is the layer depthg,, = +/ Ay, (n=1.2n;)
and A,, are the eigenvalues arilg, , (1)) the eigenvec-

ZA Air / / wherel is the 2x 2 identity matrix and ;- is 1 whenj = j’,

o

320 kg

—4 0 v O 0 v 0 0

. _‘underlying interface * . .

tors of the 2; x 2n; matrix whose elements arﬁ%Ai.’/ﬁ/

_ _ _ - (=Ll.N,p=vhandj =1.N,p =v,h). x, andyy,
Fig. 2. Upwelling streams for a 4-layer snowpack with varying are 2x 2xn; unknown constants to be determined with the
density. The stream directions are calculated with Snell’s refractlonboundary conditions. In DMRT-ML, the eigenvalue problem
law using the real part of the effective propagation constedit is solved using LAPACK routinesinderson et a).1999.

(Eq.6) that mostly depends on snow density. The number of streams )
is 8 in the most dense layer and decreases as the density decreasescombInlng Egs.10b) and (1), the solutions for the sym

Only 4 streams emerge in the air above the snowpack. For clarlty, metric brightness temperature are

downwelling streams are not represented. 2n;
Tes(j.2) = Y [xmeXplnz) (12a)

m
In this particular example with extreme variations of density, Y XP(—a (2 +d))] T% (i)
m m S,m ]/

the number of streams in the air is only 4 whereas itis 8 in the

most refractive layer. The total reflection phenomenon is also.0 N S 10 .
called internal reflection itwWiesmann and Fitzler (1999 Tham(i)) = Z, IO Asi Team (i) (12b)
and causes energy trapping when a layer is surrounded by ! 0
less dense layers. = ket jom Tgg p (14})-
Once the integration is replaced by the discrete sum, theie thatTO (u)) and TBSm('U“j) are written £ and 0,

differential Eq. ) in z is written for every angl®; (j = respectlvely me(1994 p. 102).
£1..-£ni, j>0and; <0 for the upward and downward  The houndary conditions express the conservation of en-
directions, respectively) in each layer. ergy at every interface. For each layesf depthdy, every di-
d rectionj and polarization, there are two boundary conditions
M/d_ZTB(“-/’Z) = —rel'8(1),2) (Jin, 1994 Egs. 5-10a and 5-10c). The boundary condition
ng at the top interface is
+ Y PGy, uj)Te(1),2) +Kal T 9)

> S [ (1) T8 000

wherey ; = cog6;), P is found inJin (1994 Eq. 2-28) and

I is the unit column vector. In the following, we only present (1+ rtOp) Tg&m’k(lij,k)il Xk
the most relevant equations, intermediate calculations are (top
given inJin (1994 Chaps. 4 and 5). + [(1 ) T 8o (14j.0)+
By introducing the asymmetric and symmetric bright- top
ness temperaturesThs(ie;) = Tg(i;) + Te(—p;) and <l+ ) r wak(“f’k)] XD =0t ki) Yim.k
Tga(j) =Te(nj) — Te(—pu ;) respectively), Eq.9) be- ng—1 13
comes —Z( —rt,olf>[ Bam.k—1 (L j.k) (13)
d
Hj d—ZTBa(Mj, 2) = —keTBs(14},2), (10a) _Tgs,m,k—l(ﬂj,k)] exp(—am k—1dk—1) Xm k-1
d ny, _ top) [ .
g Tos(ij2) = D A Tea(i), 2) + 26l (10b) (1 T k-1(40)

j/

79 : ] _
3 [2(1_#2,)(1_1&)_5_;,}“2,] 2 + Bs,m, k_l(,u],k) Ym,k—1
Ajj’ = —kel 8]-]-/ + ZKSu)j/|: J i ity 11] (]_Oc)

= (1 - rtlol‘:) (Te—1— T,

2
I

www.geosci-model-dev.net/6/1061/2013/ Geosci. Model Dev., 6, 10178 2013



1068 G. Picard et al.: Simulation of the microwave emission of multi-layered snowpacks

and the one at the bottom interface is medium is uniform and equal tB, it is possible to compute
et the emissivity using a single simulation and the following
Z (1_ r?f)kttom> [Tgam,kﬂ(ﬂj,k) equation:
+ngm,k+1(/"j,k)j| Xm,k+1 €= T (16)
+<1_ r?f)](ttom) I:Tga,m,kJrl(Mj»k) For a nonconstant temperaturg pr'ofile, Whi'ch'is. the rule
for any natural snowpack, the definition of emissivity is not
_Tgs,m,k+1(ﬂj»k)] exp(—am,k+ldk+1) Yimk+1 trivial. To mimic the in-equilibrium case and the Kirchhoff

- law, the emissivity can be defined as one minus the reflec-
=S [(1—rBorem) 73, (0 (14)  tivity of the medium Peake1959. The calculation requires
j.k Bam,k Hjk . . . . . . .
) two simulations with slightly different atmospheric bright-
ness temperatureg§MoSand 73MoS+ ATE™Y. Assuming

bottom\ 70 . _
+ (1+ Mk ) TBS,m,k(/’LJvk):I exp(—eim.kdi) X,k Tg and T}, are the results of these simulations, the reflectiv-

_ [(1 _ r?o/{ttom) T(E);am,k(ﬂj,k) ity and emissivity are given by
— (1 4 rbottom) 7:0 ( ) 1 1 Tg—Tsg 17
ik Bs.m.k \Mj.k) | Ym.k e=1—-r=1— W- (17)

= (1 - fbokttom) (Tk — Ti+1) . . .
/> In practice, usingl'3™M°S=0 and A7§"™= 1K is recom-

, .- mended.
where ri”} and r®of°m are the reflection coefficients for

streams going from the layérto the uppek — 1 and lower
k+1 layers respectively. At the top of the snowpack, B@)( 3 Results
is formally valid if xo andy are set to zero anth is 75"™°S
At the bottom of the snowpack, EdL4) is valid if x; 1 and  This section presents the sensitivity of DMRT-ML to the
yr4+1 are set to 0, the reflection coefficiemt¥"°™ are cal-  most important snow properties required as inputs. It also
culated with the substratum model (Tallleand7; .1 isthe  discusses the limitations of the model and provides the range
substratum temperature. of validity of the input variables whenever possible.
The set of boundary conditions forms a linear system of o o _

N equationsN — 42]{ nk)- Since the unknownsg andy in 3.1 SenSItIVIty to ice dielectric constant
layerk are only linked to unknowns in layér— 1 andk + 1, ) )
the system can be arranged in block-diagonal structure anf[i9uré3ashows brightness temperatures at 18 GHz as a func-
can be solved using the efficient banded matrix solver in LA-t0n Of the zenith angle calculated with DMRT-ML and cal-
PACK. The brightness temperature emerging from the snowclated byKong et al.(1979 together with observations re-
pack is then calculated with ported pyTsang aqq K_onchOOl F|g. 7._7.2). The medium

is considered semi-infinite, the grain size was chosen to be

bottor ni 1.75mm and the ice dielectric constapt = 3.2+ :0.016.
Tg(pj0.2=0)= (1— o ) I+ Z The result of the DMRT-ML simulation with prescribed di-
m electric constant (solid line) closely matches the original cal-
[Tgam,l(ﬂj,O) + Tgs,m,l(ﬂ./,O)] X 1 (15)  culation (dotted line) byTsang and Kond2003) up to in-
cidence angles of 65 This provides a technical validation
+[Tgam)1(uj,1) - Tgs,m’l(uj,l)] of our implementation in the single layer case. However,
d the imaginary part of the ice dielectric constant used by
exp(—am,1d1) yn.1)- Kong et al.(1979 was an order of magnitude higher than

The value from this last equation is returned to the user aghe one obtained with the more recent E2). ffom Matzler

the simulated top-of-snowpack brightness temperature. ~ and Wegniller (1987). With the latter parameterization, the
brightness temperatures simulated using the same grain size

2.6 Post-computation: emissivity and reflectivity of 1.75 mm are much lower (dash line in F&p), leading to a
strong disagreement with the observations. Modeling results

The emissivity, i.e., the coefficient measuring the departureand observations can be re-conciliated by using a smaller ra-

from a black body, is often used to present modeling resultglius of 0.83 mm (solid line in Fig3b). This new simulation

in passive microwave studies instead of brightness temperyields results very close to those of the original simulation

ature (whose value is related to the snow physical temperaand observations.

ture). Only when the medium is strictly isothermal, that is, Even if Eq. @) is likely closer to reality than earlier for-

when the physical temperature of snow and the underlyingnulas, the parameters of ice dielectric constants are still not
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Fig. 3. Comparison of DMRT-ML simulations (solid line) at 18 GHz with previous calculatidrsaig and Kong2001) (dotted curve)

and with experimental observations (filled dots). The medium is semi-infinite, with a density of 350%antemperature of 272K, a

grain radius of 1.75mm and an ice dielectric constant.2#3;0.016. Simulations with a more realistic dielectric constditi{zler and
Wegnilller, 1987 are shown on the right panel with the original radius of 1.75 mm (dashed curve) and refitted radius of 0.83 mm (solid line).
The gray bars represent variations of the dielectric constant imaginary pa0dfo around in the later case.

well constrained by measurements especially at low frequenest. However,Jin (1994 shows that, under the assumption
cies (Jiang and Wp2004 and the uncertainty is unknown. of small grains, any collection can be represented by equal-
The consequences on the predicted brightness temperaturadius spheres with an equivalent grain sizeThis size is

can be significant as illustrated in F&h (gray area) obtained always larger than the average of the distribution but depends
by assuming an error af20 % of the dielectric loss (imagi- on the distribution shape as well as snow densliy, (1994

nary part of the dielectric constant). At a’58cidence angle Eq. 3-42 and Figs. 3-11, 3-12). In DMRT-ML, we imple-
for instance, the error is 11 and 12 K at vertical and horizon-mented the calculation for a Rayleigh distribution of size and
tal polarizations respectively. Such an error is significant andreached the same conclusion)as(1994. Unfortunately, the
must be taken into account in the interpretation of simula-results are highly dependent on the choice of the distribution

tions by thermal microwave emission models. and especially on the slope of the upper tail of the distribu-
tion. For instance, a log-normal distribution — relevant for
3.2 Sensitivity to the grain size snow Flanner and Zende200§ — features many very large

grains for a reasonable mean grain size, which leads to the
- e . _ divergence of the DMRT-ML calculation and breaks the as-
The S|gn|f|c§nt ;en§|t|V|ty of microwave thermal radiation to sumptions of small scatterers. In practice, the choice of the
snow grain size is widely recognizefally, 1977). It stems distribution is difficult and is related to the more general is-

from the fac_t that Show grains are usually s_maller th_an thesue of the representation of snow by a collection of spherical
wavelength in the microwave range and their scattering co-

efficient (Eq.8¢) increases as the cubic power of the spheregrams'

di Fi 4 ts th iati fth tteri p Figure4 also illustrates the empirical correction for large
radiusa. Figures presents the variation ot tne scattering €t- particles proposed in DMRT-ML (Sec2.3). The corrected
ficiency (Qs = 4axs/3f) as a function of sphere radius. The

. . ) o scattering efficiency (circles) is limited to a maximum value
fj(;czéast'gl? dsl\ilxléz DMRT-ML (for various densities) are plot- of 2, which corresponds to the theoretical asymptotic value

| trast. the ab i fficient i i | for very large particles@rody, 2008. This correction elim-
N contrast, the absorption coetlicient INCTeases ANarty;,,ies the unrealistic divergence of the scattering efficiency

with the size. It results th?‘F the. emlss_lwty and the bright- for large grain sizes (solid line). Nevertheless, the quality
ness temperature of a semi-infinite medium strongly decre_asgf this correction is difficult to evaluate for dense media.

with size (Fig.5). The difference between vertical and hori- For a sparse medium however, the scatterers are independent

i(r)g:izolarlzanons also slightly decreases as scattering N3nd the scattering efficiency is obtained by Mie’s calculation

) . . . Wi 1982. Fi 4 (dashed bl h that th
An important consequence of this cubic dependence is th arren 2. Figure4 (dashed blue curve) shows that the

i o : : ) ie scattering efficiency at 89 GHz diverges from DMRT-
a collection of spheres with different sizes is not equwalenttoML with density tending to 0 kg m? (i.e., independent scat-
a collection of identical spheres with the averaged size. Theferers) for grain radii larger than O ;5 mm (i.e.~ A/5
contribution of the largest spheres of the collection to scatter- ' o

A - and Qs of 2-3). This is in agreement with our correction.
ing is comparably greater than the contribution of the small- Os ) g
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Fig. 4. Scattering efficiency@s = 4aks/3f) at 89 GHz as a func- 0.0

tion of the grain size for different approximations and densities: 0 20 40 60 F80 100 (GlHZ? 140 160 180 200
. . . . requenc z
Independent scattering approximation (applies for very small den- auency

sity only) using DMRT-ML with a density approaching 0 (solid  Fig 6. Range of grain sizes for which the DMRT-ML QCA-CP non-
blue line), or full Mie calculation (dashed blue line); DMRT-ML  gticky is reasonably valid as a function of the frequency for snow at
QCA-CP nonsticky with a density of 200 kg m (solid red line) 260K and 200 (red) or 300 kgTﬁ (black). The upper limit is the

and 300 kg m® (solid black line). Dotted curves show calculations  grain size for which the scattering efficiency reaches a value of 2.
based on the DMRT-ML theory with a limitation of the scattering

efficiency atQs = 2, for two different densities.

300

: general criteriaz < 1/5 is adequate to evaluate the validity
- :'_PZ'I zgg tg :Z of QCA-CP for small scatterers.

e Vool 300kem | However, even if the conditio@s < 2 is true, we note that

o - H-pol 300 kg m™* || the brightness temperatures become unrealistically low be-
fore Qs reaches a value of 2 (which occurs foe- 1 mm in

Fig. 5). For example, the lowest brightness temperature ever

observed at 89 GHz in Antarctica by AMSR-E is 117 K.

1001

Brightness temperature (K)
=
w
=)

wu
=}
T

3.3 Influence of snow density

8 02 o‘gxram — (mng‘.)s 08 10 Snow density is involved in many components of the model.
It drives (i) the proximity of the grains, thus the scatter-
Fig. 5. Brightness temperature at 89 GHz *S8cidence angle, ho-  jng coefficient of the medium in relation with the grain size
r.|zontal and ver.tlcal poIanzapon; (da;hed anq solid line, respec-(EqS_S, 6): (ii) the mass of ice, thus the absorption coeffi-
tively) as a3funct|on of the grain size with a density of 200 (red) and cient; (iii) the real part of the refractive index, which deter-
300 kg 13 (black). . o .
mines the stream angles, and the transmission and reflection
coefficients of every interfacé\(est et al. 1996.
However, Mie efficiency reaches a maximum value of nearly The first two effects are illustrated in Figat 37 GHz and
5 and remains largely above 2 in the range of realistic grainfor a grain size of 0.3 mm. The absorption and scattering co-
sizes. This is not reproduced by our correction. In fact, theefficients are calculated assuming a medium of “ice spheres
convergence towards 2 is only observed at much larger graiim air” for density less than half of the pure ice density (i.e.,
sizes. This result suggests that the empirical correction wouldractional volume of 50 %) and “air spheres in ice” other-
be more accurate if the efficiency limit were increased up towise. The discontinuity observed in Fig.comes from the
a value around 4. However, this result was derived in partic-fact that both representations are not strictly equivalent even
ular conditions (sparse medium, 89 GHz) and its generalityat a fractional volume of 50 %.
is unknown. We therefore recommend to use the correction The absorption coefficient increases almost linearly with
with caution and only when a very limited number of layers the density because the ice is the only absorber. In contrast,
in the snowpack have large grains. It is worth noting that thethe case of the scattering coefficient is more complex. For
condition Qs < 2 is valid for most types of snow at frequen- very low density, the medium is sparse and the scattering
cies lower or equal to 89 GHz as shown in Fgy.Harlow  coefficient calculated with the DMRT-ML theory increases
and Essery2012 Fig. 11) show using Mie-QCA with sticky closely to the one calculated with the independent scatter-
spheres { = 0.2) that this assumption is valid up to about ers assumption (Fig/, dashed line). However, for densities
60 GHz for 1 mm-radius particles and to 200 GHz for par- larger than 100 kg m?, the latter becomes invalid, because
ticles of 0.3 mm radius and smaller. This confirms that thethe scatterers are too close to be considered independent —
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they are in fact in the shadow of each other, which weak- 12
ens their scattering efficienciiing et al, 2006. This effect

is nicely captured by the DMRT-ML theoryTéang et al.
2000h Fig. 10.4.5), which predicts that the rate of variation
of the scattering coefficient decreases with density. The co-
efficient reaches a maximum at a density around 150kg m
and decreases for higher densities. Although this general be-
havior is expected, the accuracy of the DMRT-ML theory
is not well known at such high densities. Recent work us-
ing exact numerical calculation has shown that the theory
DMRT-ML QCA starts to deviate from fractional volume
around 30 % l(iang et al, 2006, i.e., a density of 275 kg )
m~—2 (validity range represented by circles in Fif). How- ool =
ever, the generality of this result for smaller grains, moderate O 00 00 kgm0 %00 1000
stickiness or under the QCA-CP assumption is unexplored.

If we assume that the value of 30% is correct and appliedtig. 7. Scattering (blue and plain symbols) and absorption (red and
also for “air spheres in ice”, the theory would be valid in hollow symbols) c_oefficients at 37 GH_z asgfupction of the density.
the range 640-917 kgTﬁ (represented by squares in FRy. The temperature is 260 K and the grain radius is 0.3 mm. The model

nfortunatel now densitv falls in the intermedi ran “ice gpheres in air” is used for densiti§§ less than half the pure ice
é7§_tg4g:(e ¥ﬁ§) ?n n?;n S ct?(/)n?ﬂtsi;onst 'I?o dteGaI vsi?hattﬁisails-gedens'ty (458.5 kg m3). For higher densities, the model “air spheres
. 9 y G L . ._inice” is used. Circles and squares show the domain of validity of
S_ue In practice, a pra_gmatlc Optlon. Is to conSIder_ the deV'a'the DMRT-ML theory for each model. The scattering coefficient
tion above 30 % fractional volume is moderate with respect,nger the assumption of independent “ice spheres in air” is shown
to other errors (such as grain size measurements) and to app a blue dash curve.
DMRT-ML QCA-CP using the most adequate medium rep-

resentation as a function of the density as in Figh second 10

1.0r

0.8f

Scattering and absorption coefficients (m~!)

option is to interpolate the scattering and absorption coeffi- e—e 7=0.3,0=0.3mm
cients using polynomials fitted with anchor points taken in =—a 7=1.0,¢=0.3mm

both domains where the theory is valid. This option called ~ %8 4—4 non-sticky, a=0.3 mm |1
“bridging” (Dierking et al, 2012 is appealing because it £ ¢ ¢ non-sticky, a=0.4 mm
yields continuous relationships as a function of the density. § o6}

However, the sensitivity to the choice of the polynomial or- %

der and the anchor points has to be evaluated. Therefore, the s

“pridging” option is not implemented in DMRT-ML yet. g 04

3.4 Influence of the stickiness % 02

Figure8 shows the scattering coefficient at 37 GHz as a func- oo

tion of density for different values of the stickiness parameter ~ °“% 100 200 300 200 500

 and grain radius for a given temperature. It shows that the Density (kg m )

scattering coefficient increases as the stickiness parameterrig g scattering coefficient at 37 GHz as a function of the density

decreases (from blue to black to green curves). The lowefor different stickiness parametersand grain radius.. The tem-

values of stickiness correspond indeed to stronger attractiongerature is 260 K.

between spheres and a more pronounced clustering effect.

Clusters are “seen” by the microwaves as larger objects than

the particles they are made of. It means that they scatter mor® estimate this value either from field measurements, 3-D

than if the particles were randomly positioned (i.e. nonstickyimages of snow micro-structure or snow evolution model

case). However, the stickiness parameter is not just a scalingutputs. As for choosing a grain size distribution, the core

factor of the grain size. In fact, a cluster of small particles isof the problem is the representation of snow by spheres.

not equivalent to a large particle as illustrated in Fgthe Tsang et al(2008 suggest to use = 0.1 because it yields

sensitivity to the density is different between a cluster (greena frequency-dependence in better agreement with measure-

curve) and a large particle (red curve). The stickiness tendsnents. With such a low value, the clustering effect is in

to shift the maximum of the scattering coefficient toward a fact very strong and the size of the cluster approaches the

larger density. wavelength (long-range effect), which explains the change
In practice, choosing a realistic value of stickiness to rep-of the frequency-dependendéatzler(1998 suggests to use

resent natural snow is difficult. There is currently no meansa higher valuer = 0.2, based on a comparison between the
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density dependence in DMRT-ML with various degrees of
stickiness and in the improved Born approximatibtafzler,
1998.

The implementation of the stickiness in DMRT-ML is lim-
ited to the “short range” version, i.e., both the grains and the
cluster must be small with respect to the wavelength. In prac-
tice, t should be larger than its theoretical minimum value
of (2—+/2)/6 =0.098 (Tsang et al.2000h p. 427). After
Tsang et al(2000h Fig. 8.4.3) and our own calculation (not
shown), the “short range” calculation is valid forvalues
larger than 0.25 and grain sizes, which respects the small
scatterer assumption. For lower the validity depends on
the grain size.

3.5 Influence of the liquid water content
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. . ) . Fig. 9. Brightness temperature at 19 GHz and horizontal polariza-
Figure9 shows the relationship between the brightness temMxjon as a function of the total amount of liquid water in the snow-

perature at 19 GHz and horizontal polarization as a func-pack. The temperature is 273K, density is 300 kghhand there
tion of the total column liquid water content. The snowpack exist two grain size values (0.5 and 1 mm). The liquid water is con-
is considered homogeneous, except that the liquid water isentrated in the top first 10 cm of the snowpack.

concentrated in the top 10 cm. This calculation confirms the
strong influence of the liquid water on brightness tempera-
ture, which is exploited to detect snowmelt events from pas-
sive microwave observations (e.g. Picard and Fily, 2006). It

also shows that brightness temperature reaches a nearly con-

stant value from about 0.5 kgTA of liquid water. This fea-
ture explains why the retrieval of the amount of liquid wa-
ter from passive microwave observation is probably impos-
sible. The threshold value, 0.5 kg is close to value ob-
tained with the MEMLS modelTedesco et al.2007) and
that obtained indirectly by comparing observations and out-
puts of the RACMO regional snow and atmosphere model
(Kuipers Munneke et g12012.

3.6 Layered snowpack

It is well known that the natural snowpack is composed of
relatively homogeneous layers formed by episodes of accu-
mulation and subject to metamorphisms. Hence, the density
and grain size (and stickiness) can be different in every layer.
Since the electromagnetic properties (i.e., the scattering and
absorption coefficients and the effective constant of propaga-
tion) have a nonlinear dependence to the snow properties, the
single-layer “average” snowpack is not electromagnetically
equivalent to the multi-layer snowpack. In addition, the tem-
perature is rarely uniform within the snowpack, especially
close to the surface where the strong temperature gradients
are caused by the daily variations of solar enem@yafdt
and Warren1993.

Several effects can result from the layered nature of the
snowpack. In general, accounting for the multi-layered na-
ture is particularly important for

— the difference between the horizontal and vertical po-
larizations. The difference is particularly sensitive to re-
flection at the air—snow interface, which is driven by the

Geosci. Model Dev., 6, 10611078 2013

density in the upper layer and by the reflection at the
internal interface, which depend on the contrast of den-
sity between successive layers. There are several exper-
imental and theoretical evidences of this effédéfzler

et al, 1984 Liang et al, 2008 Champollion et al.
2013. Smoothing the profile of density in simulation
results directly in a decrease of the difference between
the polarizations.

the spectrum of emissivity. It is particularly sensitive to
the scattering and absorption profiles because the pen-
etration depth highly depends on the frequency. For in-
stanceBrucker et al(2010 showed that the spectra ob-
served in Antarctica cannot be explained with a homo-
geneous snowpack, and that the increase of grain size
with depth is a necessary condition to explain the ob-
served spectra. In some extreme cases called “anoma-
lous spectra” byRosenfeld and Grod¢2000, the ob-
served emissivity increases with frequency although the
emissivity of a homogeneous snowpack decreases with
frequency due to a stronger increase of scattering rel-
ative to that of the absorption. To illustrate the effect
of the resolution of the snow parameter profiles, the
calculation presented iBrucker et al.(20113 using

the original 2.5 cm high-resolution profiles of grain size
and density measured at Dome C in Antarctica are pre-
sented in Fig10 along with calculations using lower-
resolution profiles. The simulations are performed at
19 and 37 GHz with a homogeneous temperature of
219K (the annual mean at Dome C). Only the resolution
in the upper 3m for which measurements were avail-
able is varied. Figurd0 shows that coarser-resolution
results in higher brightness temperatures (up to about
8 %), except for the lowest resolution (3 m-thick layer,
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corresponding to the homogeneous snowpack). This ol
complex dependence might be explained by the fact that
the modeled brightness temperature is more sensitive to
the resolution of the density profile than that of the grain
size (simulations not shown) and that the density depen-
dence of the electromagnetic properties is not mono-
tonic as shown in Fig7. These results are specific to
Dome C but they emphasize the importance of the reso-
lution of the input parameters.
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160
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-
~
o

— 18 GHz V-pol N
— time series of brightness temperature. Even if the grain © *>°| -~ 18 GHz H-pol "
size and density are assumed homogeneous the temper- |, | — 36 GHz V-pol '
ature profile is rarely uniform nor constant over time in -~ 36 GHz H-pol
snow and its variations can even be significant in the 1ot 100
layer identified in the field based on the homogeneity of Layer tickness (m)

:hf gr:alnrstﬁmd cr(;mpac:neif]s. T:ervlarrrl]atrlonrs Oigtfr:nairhaﬁig. 10. Brightness temperature at 18.7 and 36.5 GHz at Dome C,
l;]e ea ‘ ¢ §u _ace agd ge_ eda ore rap 5;]_ EAntarctica, simulated as a function of the resolution of the pro-
change of grain size and density due to metamorpiiSMy e of grain size and density. The original profiles are presented

and thus have the most important contribution to thej, grycker et al(20114 and are composed of two parts: the upper
short-term brightness temperature variations. Simula-3 m were measured with a vertical resolution of 2.5 cm (simulation
tions at Dome C irBrucker et al(20113 show thateven  marked by a symbol) and the lower part (3 to 100 m depth) is a de-
with grain size and density profiles taken constant overterministic function of the depth. The profiles at lower resolutions
a few years (metamorphism is very slow at Dome C dueare generated by merging successive layers in the upper part only
to low temperature), the variations of brightness temper-to emphasize the influence of measured profile resolution, the lower
ature are well reproduced-(2 K) using measured time part remaining unchaqggd. Tl:tegxis report; the thickness of the
series of temperature profiles. Reducing the resomﬁodayers, from 2.5 cm (original profile) to 3 m (i.e. one single layer for
of the temperature profile would result in a smootherthe upper part)

time series.

Roy et al, 2013. There is no evidence that similar adjust-
4 Validation of DMRT-ML with external data ments would be required for the density or temperature mea-
surements. Second, the model predicts reliable dependence

The comparison between measured brightness temperaturégtween horizontal and vertical polarizations near the Brew-
and results of DMRT-ML simulations using measured in- ster angle (50-59. Figures11 and 12 illustrate the latter
puts was addressed in several studies: for a typical dry semipoint for the polarizations at 37 and 19 GHz respectively.
infinite snowpack in AntarcticaBrucker et al. 20113, for They show the brightness temperature at horizontal polariza-
Arctic and sub-Arctic seasonal snowpackoy et al, 2013 tion versus vertical polarization for all the snow pits or pixels
and for snow overlying ice as found in the ablation zone ofanalyzed inBrucker et al.(20113, Roy et al.(2013, and
the ice sheetdqupont et al, 2012. In the three cases, it was Dupont et al.(2012. Observations (in red) were acquired
necessary to estimate some parameters by optimization wittwvith a ground-based radiometer except at Dome C (stars),
respect to the measured brightness temperature. It is indeaghere measurements were recorded by the advanced mi-
difficult to measure all the input variables and parameterscrowave scanning radiometer for EOS (AMSR-E). DMRT-
and the brightness temperatures with the same represent8iL predictions are in blue. A large variety of environments
tiveness. In addition, some quantities — like the snow grainare represented: Antarctica, ice-sheet ablation area, Arctic
size and the soil properties — are notoriously difficult to de-tundra, Arctic windy tundra, Arctic fen, and grassland. Each
termine in the field. The representation of snow grain in thegray line links the observation and simulation result from the
DMRT-ML theory by spherical patrticles is also a conceptual same snow pit or pixel. The length of each line illustrates the
difficulty. discrepancy between the observation and the simulation re-

Hence, the results of the comparisons and the errors estsult of the order of 2-13 K but, as stated before, this is not an
mated in these studies depends on the methodology and aebsolute error since it depends on the calibration procedure
meaningless out of the context of each study. Neverthelesghat differs between the studies. The relationship between the
these studies converge on two facts. First, the grain size depolarizations can be safely interpreted as it is almost inde-
rived from specific surface area measurements, i.e., opticgbendent of the calibration: Figél and12 demonstrate that
radius, needs to be increased by a factor between 2.8 antthe measured brightness temperatures at both polarizations
3.5 to be suitable as input of DMRT-ML (see discussion in are highly correlated over a large range of about 120K at
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tion is the larger contribution of the substratum at the lower
frequency due to the longer penetration depth. The important
point is that the model nicely reproduces this general corre-
lation. Even where the model and the observations disagree
(i.e. long gray lines), the correlation between polarizations
remains (i.e. the gray lines follow the general trend of the
points).

5 Conclusions

The DMRT-ML is a physically based model used to compute
brightness temperature at any frequency in the microwave
range and at horizontal and vertical polarizations from input
variables describing multi-layered snowpack and its environ-
ment. These variables and parameters include the profiles of
snow temperature, density, grain size, stickiness, and liquid
water content, the characteristics of the substratum (e.g. soil

Fig. 11. Brightness temperatures at SSncidence angle and Moisture, texture and temperature in the case of a soil sub-
37 GHz, at vertical polarization versus horizontal polarization for Stratum), and the downwelling atmospheric brightness tem-
a variety of sites: Dome C, Antarctica (stars), Arctic tundra (trian- perature.

gles up), Arctic windy tundra (triangles down), Arctic fen (squares), The paper presents the sensitivity of the microwave emis-
grassland (diamonds), ice-sheet ablation or percolation areas (cisjon to the most important input variables and parameters
cles). Observations are in red and DMRT-ML predictions in blue. and makes recommendations on the validity ranges of these
The gray lines link the observation and prediction of the same site.\/ariables and parameters, either constrained by the underly-
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12.Same as Figl1for a frequency of 19 GHz.

ing DMRT-ML theory or by the specific DMRT-ML imple-
mentation. The validation of DMRT-ML with external in situ
measurements is detailed in several studigsi¢ker et al.
20113 Roy et al, 2013 Dupont et al. 2012 for various en-
vironments. The error found between predicted and observed
brightness temperatures ranged between 2 and 13 K, which
gives the magnitude of accessible errors but which depend
on the methodology used for the comparison. In particular,
the choice of the relationship to relate the measured grain
size to the grain size metric relevant to the DMRT-ML the-
ory is critical and no ideal solution exists yet. However, these
studies add up to many others that have contributed to vali-
date the DMRT-ML theory NMacelloni et al, 200% Tsang
and Kong 2001, Tedesco et al.2004 Grody, 2008. Cur-
rently, the most problematic point is probably the limited ac-
curacy of the DMRT-ML theory for intermediate density val-
ues (about 300-500 kgd) that are commonly observed in
natural snow and firn. An empirical correction of this prob-
lem has been recently proposdéidrking et al, 2012. Even
though it could be accurate enough, it has not the theoretical
grounds that characterize the DMRT-ML theory and makes
one of its merits. Further improvements are needed.

The main characteristics of the DMRT-ML implemen-

37GHz and 70K at 19 GHz. Part of this correlation stemstation are the availability as an open source software, the
from the linear relationship between the brightness temperaefficiency of the computation due to the use of Fortran90
ture and the snow physical temperature. However the rangand LAPACK library, the wide range of cryospheric environ-
of physical temperature — typically from55 to 0°C —is ~ ments that can be modeled without any change of the source
less than the brightness temperature ranges. It means that tikede (dry and wet snowpack, seasonal snow over soil, sea-
emissivities at both polarizations are correlated. At 19 GHz,sonal snow over bubbly ice, frozen lakes, perennial snow,
the correlation is lower than at 37 GHz. A probable explana-etc.). In addition, modeling sea ice will be possible in the near
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future with the implementation of the dielectric constants Brogioni, M., Macelloni, G., Palchetti, E., Paloscia, S., Pampaloni,
of salted snow and water. These particularities are strong P., Pettinato, S., Santi, E., Cagnati, A., and Crepaz, A.: Moni-
assets for the coupling of DMRT-ML with land surface toring Snow Characteristics With Ground-Based Multifrequency
observation operator into data assimilation schemes or com- 3655, dou:LO.1109/TGRS.2009._20307,92009. _

putationally intensive inverse methods. DMRT-ML is avail- Brucker, L. and Markus, T.: Arctic-Scale Assessment of Satellite

. . Passive Microwave Derived Snow Depth on Sea Ice using Op-
able for download afttp://igge.osug.frpicard/dmrtml/ eration IceBridge Airborne Data, J. Geophys. Res. Oceans, 118,

14 pp., doi10.1002/jgrc.20228013.
Brucker, L., Picard, G., and Fily, M.: Snow grain size pro-
files deduced from microwave snow emissivities in Antarctica,
J. Glaciol., 56, 514-526, ddi0.3189/002214310792447806
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