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The natural greenhouse effect maintains the Earth's climate at tem¬

pératures hospitable to life. Human activities hâve been recognized as

contributing radiatively active trace gases to the atmosphère for over
a century (Henderson-Sellers and Jones, 1990). The potential impacts
of human-induced global warming prompted the World
Meteorological Organization (WMO) and the United Nations
Environment Programme (UNEP) to establish the Intergovemmental
Panel on Climate Change (IPCC) in 1988. Open to ail member
nations ofthe UNEP and WMO, the IPCC has a mandate to assess the
scientific, technical and socio-economic information relevant for the
understanding of the risk of human-induced climate change. It bases

its assessment on published and peer reviewed scientific technical lit¬
erature. Working Group I assesses the scientific aspects ofthe climate
System and climate change. Working Group II addresses the vulnera¬
bility of socio-economic and natural Systems to climate change, nég¬

ative and positive conséquences of climate change, and options for
adapting to it. Working Group III assesses options for limiting green¬

house gas émissions and otherwise mitigating climate change. The
Intergovemmental Panel on Climate Change (IPCC) Second
Assessment Report published in 1996 stated:
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"Our ability to quantify the human influence on global climate is

currently Iimited because the expected signal is still emerging from
the noise of natural variability, and because there are uncertainties
in key factors. Thèse include the magnitude and patterns of long
term natural variability and the time-evolving pattern of forcing by,

and response to, changes in concentrations of greenhouse gases and

aérosols, and land surface changes. Nevertheless, the balance of
évidence suggests that there is a discemible human influence on

global climate." (Houghton étal, 1996, p 5)

Thus it is established that human activities are impacting the cli¬

mate system; in particular atmospheric concentrations of green¬

house gases are increasing at a rapid rate (e.g. Keeling et al, 1976,

1995). Over the last few years, models and observations hâve com¬

bined to confirm that thèse increases are causing climate change

(Houghton et al, 1996). As a resuit, treaties and protocols are being
developed and agreed which aim to reduce, and perhaps ultimately
reverse, thèse human-induced disturbances to the climate system

(e.g. Taplin, 1996; Wigley, 1998). The tools with which future cli-
mates are to be predicted are climate models. However, before mod¬

els can be used with confidence, they must be tested against
observations and their prédictive skills verified (Gates et al, 1996).

The IPCC includes a Task Force on National Greenhouse Gas

Inventories which oversccs the members' national efforts to account

for and measure greenhouse gas sources and sinks. The IPCC has

been at the forefront of international efforts to evaluate and verify
global climate models. Its Second Assessment Report concluded that:

"The most powerful tools available with which to assess future cli¬

mate are coupled climate models, which include three-dimensional
représentations of the atmosphère, océan, cryosphere and land sur¬

face... (and)... More detailed and accurate simulations are expected
as models are further developed and improved." Gates et al. (1996,
p233)

Climate models are tools employed to enhance understanding ofthe
climate system and to aid prédiction of future climates. The aim of
ail global climate models (GCMs) is the calculation of the full
three-dimensional character of the climate comprising at least the

global atmosphère, the continental surfaces and the océans. If a

model were to be constructed which included the entirety of our
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knowledge on the atrnosphere-ocean-Iand system, it would not be
possible to run it on even the fastest computer. For this reason,
GCMs, currently the most complicated numerical models, can only
be simplifications of our current knowledge of the climate system
(Figure 1).
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1Figure 1
Illustration of the basic characteristics and processes within
a general circulation model, showing the manner in which the
atmosphere and ocean are split into columns. The atmosphere,
land and ocean are modelled as a set of interacling columns
distributed across the Earth's surface. The resolutions of the
atmosphere, land and ocean models are olten different because
the processes differ and have different timescales and equilibration
times. Typically many types of c1ouds, soils and vegetat ion are
lreated . In this example, soil moisture is modelled in a number of
layers and Iropospheric and stralospheric aerosols are included
climate model schemalic (alter Henderson-Sellers and McGuffie, 2000).
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Although there hâve been great advances made in the discipline of
climate modelling over its forty year history, even the most sophis¬

ticated models remain very much simpler than the full climate Sys¬

tem (e.g. Henderson-Sellers and McGuffie, 2000). Indeed, such

simplicity is an intended attribute of climate models (e.g.
Washington and Parkinson, 1986; McGuffie and Henderson-
Sellers, 1997). Modelling of a system that encompasses such a wide
variety of components as the climate system is a formidable task

and it requires co-operation between many disciplines if reliable
conclusions are to be drawn. Intercomparisons such as the
Atmospheric Model Intercomparison Project (AMIP) Phase II
(AMIPII) are now an intégral part of climate science and an impor¬
tant means for advancement of understanding ofthe climate system

(Gates et al, 1999). For climate models to be accepted as useful
tools for climate analysis their évaluation must progress beyond
simply intercomparison to vérification.

This process of vérification is now termed model "évaluation",
although many researchers still use the term "validation". The for¬

mer term has been chosen over the latter by Working Group I of the

IPCC for its Third Assessment Report, because it is argued that
"évaluation" dénotes a comparison while "validation" appears to
offer some form of approval. In this paper, a novel method for the

évaluation of prédictions of large-scale soil moisture by climate
models is proposed.

IWhy Investigate Radon
as an Evaluation Tool?

Large-scale (roughly an American or Australian state or a European
nation) soil moisture variability is now recognized as an important
cause of variability in weather & climate Systems (e.g. Beljaars et al,
1993; Sellers étal, 1997; Douville and Chauvin, 2000). The Global
Energy & Water Cycle Experiment (GEWEX) and the Biospheric
Aspects of the Hydrologie Cycle (BAHC) are developing interna-
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tional programmes of soil moisture measurement, analysis & pré¬

diction (e.g. Sorooshian, 2000).

Arguably the most useful range of soil moisture vérification for
numerical model évaluation is for intermediate wetness conditions
because very arid and permanently saturated soils behave in known
and well-simulated ways (Shao & Henderson-Sellers, 1996; Wood
et al, 1998). Variations among land-surface simulations of latent
heat fluxes are largest at intermediate soil wetnesses (Irannejad et al,
1995). Thèse temporally transient and spatially heterogeneous con¬

ditions are the most difficult conditions under which to try to mea¬

sure "areal" soil moisture. Neither satellite-derived proxies for soil
moisture nor summations of point-measured moisture contents can
adequately deliver large-scale areal values of continental soil mois¬

ture (e.g. Robock et al, 1998). The resuit is that the most important
type of model prédiction of continental soil moisture is the most dif¬
ficult to evaluate because of the lack of appropriate observations.

Radon (222Rn) is produced by the radioactive decay of radium
(226Ra) ubiquitous in rocks and soils. It is a noble gas with a half life
3.8 days: chemically inert & short-lived enough for tracking, radon
has been successfully used in atmospheric tracer studies for e.g. ver¬

tical mixing and air mass history (Genthon and Armengaud, 1995;

Jacob et al, 1997). Radon escapes from the soil by plant transpira-
lion and diffusion through soil pores (Armengaud and Genthon,
1993). The émanation of radon from land surfaces is known to be a

function of soil température and also believed to be dépendent upon:
(i) soil porosity; (ii) depth of soil; (iii) soil moisture; (iv) végétation
- thèse probably in decreasing importance (Pearson and Jones, 1 966;
Stockwell et al, 1998). Océan fluxes are at least 100 times less than

land fluxes (Broecker et al, 1967) while ice cover strongly inhibits
radon émanations and frozen soils exhibit much lower fluxes than

non-frozen (Feichter and Crutzen, 1990).

Radon is believed to hâve a mean global land émission rate of
~1 atom.cm^.s"1 (Lambert et al, 1982) with a rough constraint that
total global annual radon source is around 15 kg (Stockwell et al,
1998). Measurements of fluxes of radon range typical ly from
-0.004 atom.cm-2.s"' in New Zealand to ~2.5 atom.cm2.s"' in Illinois
(Turekian et al, 1977) although Schery (1986) found fluxes of up
to 5 atom.cm"2.s"'.
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There are conflicting reports regarding the possible impact vegeta­
tion might have on radon fluxes (cf. Schery el al., 1989). Pearson
and Jones (1966) found a major enhancement of radon flux due to
transpiration. Hinton and Whicker (1985) reported that their mea­
surements of enhanced flux from vegetated tailings was probably
due to increased porosity (Strong and Levins, 1982); and Schery el al.

(1984 and 1989) both find that the effects of transpiration are small.
Finally, it is known that precipitation can clog soil pores and ai r
pressure fluctuations affect radon emanation rates over short
timescales (Schery and Gaeddert, 1982 ).

Figure 2 shows the routes followed by radon once released to the
atmosphere from the soil. Ils short half-life makes il an excellent

~ OCean sedments
EARTH'S CRUST -..q~::::'l

Ha~ liv...: 222Rn = 3.8d, (O.33Xl06s); 210pb = 22.3y (0.694xlol's) ; 226Ra = 1,620 Y.(0.511Xl011s)

1 Figure 2
Schematic illustrating the sources of (222Rn) radon
in the atmosphere and the paths of its decay product
(210pb) lead from the atmosphere into terrestrial , lacustrine
and marine sediments. Half lives are 1,620 years for
radium; 3.8 days for radon ; and 22.3 years for lead.
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tool for atmospheric tracing and global modelling studies (e.g. Rind
and Lerner, 1996). 222Rn decays to 2,0Pb which is removed from the

atmosphère either directly by dry fall-out or by wash-out or rain-out
following incorporation of the lead into cloud droplets and hence

précipitation.

As well as the records of atmospheric radon from around the globe
there are also archives of 210Pb in océan and lake sédiments (e.g.
Preiss et al, 1996). Together, thèse radionuclide inventories form a

powerful and synergistic archivai record of continental-surface
radon émanation to the atmosphère around the world and, thus, per¬

haps, of large-scale continental soil moisture variations over time.

1 Exploiting the Relationship
between Radon and Soil Moisture
for Climate Model Vérification

Various initiatives of the UN-sponsored World Climate Research

Programme (WCRP) are directed toward "validation and diagnosis"
of GCM performance. Among thèse, the Atmospheric Model
Intercomparison Project (AMIP) is an especially apt framework for
assessing model performance at the atmosphere-Iand interface
(Henderson-Sellers étal, 1996; Gates et al, 1999). Since 1992, for
example, a Diagnostic Subproject on Land-surface Processes and

Parameterizations has investigated AMIP model experiments with
common spécifications of radiative forcings and océan boundary
conditions. This subproject has analyzed selected 10-year climate
simulations from the initial AMIP I phase of this intercomparison
experiment (e.g. Love et al, 1995, Qu and Henderson-Sellers,
1998), and currently investigations are being undertaken to validate
and diagnose the 17-year simulations from the AMIP II phase that
is in progress (e.g. Phillips et al, 2000). AMIP II also has another
Diagnostic Subproject specifically studying soil moisture simula¬
tions by participating AGCMs (Robock et al, 1998).
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There is a sound history of exploitation of various radionuclides in
atmospheric model évaluation (e.g. Mahowald et al, 1997). In partic¬

ular, climate model intercomparisons hâve been conducted using

radon surface émanations of: (a) two source strengths of 1 atom.cnr2.s']

(60° S to 60° N) and 0.5 atom.cmls-1 from 60° N to 70° N and (b)

source strength a function of surface air température viz. 3.2 x 10 16

kg.m2.d-' when the surface température is greater than 273 K and

1.0 x IO16 kg.nv2.d ' when the surface température is less than or
equal to 273° K (Rind and Lerner, 1996). Thèse researchers found
that radon proved to be a useful global circulation tracer.

Detailed observations hâve been made around the world of radon

émanation rates as a function of soil moisture. Measurements of
radon flux at 78 sites in Australia (Schery et al, 1989), 42 Hawaiian
sites (Whittlestone et al, 1996) and 325 in Florida (Nielson et al,
1996) give rise to expressions relating to radon émanation rates to

soil moisture (Figure 3(a)). Detailed comparisons of radon émana¬

tion rates from similar soils with differing moisture and depth char¬

acteristics show that thèse factors can be segregated successfully
and that the wetness (or dryness) ofthe soil is a significant factor in
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I Figure 3a
Binned plot of radon émanation rates (mBq.m 2.s')
and soil moisture content at 20 cm depth (percent by weight)
(after Schery et al, 1989).
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radon release rates (Table 1). Strong and Levins (1982) find low
radon émanation rates at both very low and médium soil moisture
values with a turning point at about 8% water content by weight.
From thèse sources, a functional dependence has been derived for
use in global climate model studies (Figure 3(b)).

Soil

Location/Moisture

Thin soil

Deep soil

E or W of island

Radon flux (mBq.m-2

Dry

1.3

6.5

5.7

S"')

Wet

0.006

1.1

1.1

Ratio (dry/wet)

21.7

5.9

5.1

I Table 1

Radon flux as a function of soil moisture from Hawaii (compiled
from Whittlestone étal, 1996).

0.0 0.1 0.2 0-3 0.4

Volumetric Water Content, rr? rr?

I Figure 3b
Developed relationship between soil water (volumetric
water content m3 nr3 and radon release rates (mBq.m^.S'1)
used in the calculation of the near-surface radon maps
shown in Figure 4.
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As a resuit of many recommendations from project participants, the

AMIP Co-ordinating Panel has provided for the possibility of some

expérimentation within the framework of Phase II ofAMIP. In thèse

global simulation sensitivity projects, the intention is to address

fundamental issues associated with atmospheric GCMs and their
development. It is envisaged that some working hypothèses war-
ranting expérimentation will resuit from the AMIP II Diagnostic
Subprojects.

We propose that an AMIP II Expérimental Subproject be performed
in which the 222Rn source strength is a function of simulated soil
moisture. The nature of the relationship is open for discussion.
Suggestions include: 222Rn flux be inversely proportional to the

square root of soil moisture (Nielson et al, 1996); 222Rn flux be

given by the relationship in Schery et al. (1989) i.e. Figure 3(a); or
the use of the function shown in Figure 3(b). Proposais for AMIP
Expérimental Subprojects are evaluated in terms of their capacity to

address: 1) fundamental issues associated with AGCMs; 2) defined
and practical questions; 3) implementation (demonstrated with at

least one AMIP AGCM); 4) demonstrated need for intercomparative
study; and 5) interest of at least three modelling groups participat¬
ing in AMIP identified.

The first step in making such a proposai is to involve one AGCM
group and ultimately two others. To this end, we propose the fol¬

lowing hypothèses be examined by at least one AGCM in AMIP II:

(i) does the addition of a functional dependence of radon émanation
on soil moisture improve the fit of predicted near-surface 222Rn to

observations?

(ii) does the addition of a functional dependence of radon émana¬

tion on soil moisture improve the fit of archived 210Pb to observa¬

tions? and, if either of thèse return an affirmative reply, then;

(iii) can 222Rn or210Pbbe used as a novel monitorof areal soil mois¬

ture and hence, ultimately, a tool for vérification of global climate
models?

The benefits of proposing a séries ofAGCMs experiments under the

auspices of AMIP II are illustrated in Figure 4. This shows the sim¬

ulated distributions of surface to atmosphère émanation rates of
radon based on the soil moisture function given in Figure 3(b).
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1 Figure 4
Computed global distributions of 222Rn emanation rates
from the surface (rnêq.rrre.s') derived from 5 example
AMIP Il AGCMs (b)-(e) and one re-analysis data set
(NCEP-DOE) (a). These distributions could form the basis
for a global climate model soil moisture verification study
using either the networks of atmospheric radon
observations or archives of 21OPb.

These maps have been derived using surface temperature and soil

moisture conditions calculated by five example AMIP II models and
one of the available reanalysis data sets (NCEP-DOE e.g. WCRP,
2000). The considerable variation in global radon distributions

lends support to the proposai that comparison of such maps with
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global observations of 222Rn could provide a novel and valuable
means of vérification of a poorly understood but critically important
surface climate characteristic: soil water content.
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