ICARP Il —SCIENCE PLAN 7

TERRESTRIAL CRYOSPHERIC & HYDROLOGIC PROCESSES ANDSYSTEMS

Working Group Membership

Terry D. Prowse, Environment Canada & Universityaftoria, Canada (Chair)
Carl E. Bgggild, Geological Survey of Denmark amg&hland, Denmark
Andrey F. Glazovsky, Russian Academy of SciencessiR
Jon Ove M. Hagen, University of Oslo, Norway

Larry D. Hinzman, University of Alaska FairbanksSA
Anund Killingtveit, Norwegian University of Scien@ad Technology, Norway
Dennis P. Lettenmaier, University of Washington AUS
Frederick E. Nelson, University of Delaware, USA
Wayne R. Rouse, McMaster University, Canada
Konrad Steffen, CIRES, University of Colorado, USA
Igor A. Shiklomanov, State Hydrological InstituRyssia
Kathy L. Young, York University, Canada
Vladimir M. Kotlyakov, Russian Academy of Scienc@saison to ICARP |l Steering Group)

Second International Conference on Arctic ResearcRlanning (ICARP 1)
Copenhagen, Denmark
10-12 November 2005
www.icarp.dk



PREFACE

The Second International Conference on Arctic Resealanning (ICARP II) was held in
Copenhagen, Denmark from 10 November through 12kder 2005 and brought together over
450 scientists, policy makers, research managedigenous peoples, and others interested in and
concerned about the future of arctic research. dgitr@lenary sessions, breakout sessions and
informal discussions, conference participants astdre long-term research planning challenges
documented in twelve draft research plans. Follgwite conference drafting groups modified the
plans to reflect input from the conference disaussiand input from the ICARP Il web site. This
science plan is the culmination of the process.
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7.1. Introduction

International scientific consensus is building tthegt Arctic is moving towards a new seasonally ice-
free state (e.g., Overpeck et al., 2005) accomddwyanajor intra-arctic changes to bio-geophysical
and socio-economic systems of special importano®itnern residents and also producing some
extra-arctic effects that will have global consenes (e.g., ACIA, 2005; AHDR, 2004, Figure 7.1).
Pivotal to such changes are the terrestrial crygpland hydrologic processes and systems. These
can play multiple and synergistic roles in the Aratanging from the control of biodiversity and
productivity that sustains traditional lifestylasdasupports commercial production, to the genematio
of major feedbacks that affect arctic and globmhate.

The cryosphere is an especially important parhefglobal climate system. It is strongly influenced
by temperature, solar radiation and precipitateond, in turn, influences each of these properties.
also has an effect on the exchange of heat andurmisetween the earth’s surface and the
atmosphere, on clouds, hydrologic processes (egr,flow), and atmospheric and oceanic

Figure 7.1.Examples of major climate feedbacks and bio-gesighlyimpacts resulting from major
changes to cryospheric and hydrologic processesystdms in the Arctic.
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circulation. Since parts of the hydrologic and aploeric systems are strongly influenced by changes
in the global climate system, they may therefoteaaearly indicators of both natural and human-
induced climate change. Moreover, because of thikotxchanges that occur in cryosphere elements
when they are near the 0 °C point of phase changez(ng/melting), they are relatively easily
monitored for climate-change detection. The cryesplalso responds strongly to climate change over
a wide range of timescales. Components such as soesv, freshwater ice, sea ice, and thaw depth in
frozen ground respond to seasonal forcing whileigta respond on decadal to centennial timescales
and permafrost and ice sheets on centennial temithl timescales.

Significant changes have been observed in hydrokagil cryospheric systems, particularly over the
last half-century, and more pronounced changefoeeeast as climate changes as a result of global
greenhouse gas emissions (e.g., Arnell, 2005; Walsh, 2005; Wrona et al., 2005). This report
details a research plan that focuses on the ngsfisant issues about changing arctic hydrologid a
cryospheric systems as determined by their poldnteffect aquatic, climatic, and human systems.
Moreover, the proposed plan attempts to generatergistic benefits from the potential integration
and orchestration of a number of essentially desgascientific efforts that are ongoing or that wil
soon be initiated in the Arctic.

7.2. Focus

As the arctic system moves towards a new stateecnrhas been expressed about how changing
cryospheric/hydrologic systems will affect:

i. major global climate feedbacks;
ii. biological productivity and biodiversity; and
iii. human and economic systems.

In reference to (i), the supply of freshwater te Arctic Ocean is known to affect ocean salinitgt/se
ice production and thereby radiative feedbacksaoagrculation and biogeochemistry, and perhaps
most importantly, the export of freshwater from Hretic Ocean to the North Atlantic, where it can
affect the intensity of thermohaline circulatiordasonsequently global climate. Future major logges
cryospheric storage from arctic glaciers and igescenost notably from the Greenland Ice Sheet
(Gregory et al., 2004), will contribute significhnto these freshwater flows and play a major iole
the rise of sea level, which will have both subBtdintra- and extra-arctic effects. The focugtué
aspect of the research plan will be to providendegrated assessment of freshwater fluxes to the
Arctic Ocean from both rivers and melting cryospheomponents. Because there is considerable
ongoing work in this field from a variety of sep@and somewhat unconnected research initiatives,
part of the plan will be focused on achieving intgional collaborative integration, preferably unde
the auspices of an international scientific bodshsas the World Climate Research Programme
(WCRP) Climate and Cryosphere Project (CliC; sinyl&or items ii and iii below).

In reference to (ii), the biological productivitpé biodiversity of terrestrial and aquatic ecosyste

are strongly influenced by terrestrial cryosphend freshwater systems. For example, changes in
precipitation and evaporation affect soil moistanel thereby plant succession, and changes in
freshwater ice-cover thickness/composition inflleen@ter-level and radiation budgets of aquatic
systems that in turn directly control productivétyd biodiversity. Furthermore, geochemical
processing and nutrient supplies to both freshraadne aquatic habitats depend on freshwater fluxes
that can be significantly altered by permafrostrddgtion. Shifts in terrestrial vegetation brought
about by changes in snow cover, soil moisture amthafrost conditions will have a marked effect on
radiation budgets, such as when tundra is replbagedore woody species (e.g., as currently occurring
in northern Alaska and elsewhere as permafross tird thermokarst evolution modifies surface soll
and water storage conditions). Changes to aquadtugtivity will also have a major effect on

northern peoples whose economy and/or culturearlyor example, small aquatic mammals and
freshwater fisheries. Two distinct research fodl e generated for this component. The first will
assess the state of soil moisture conditions ucttmging climate and cryospheric (snow and
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permafrost) conditions. This part of the reseatéah plso links to ICARP Il Science Plan 8, which
requires information about soil moisture condititmsissess vegetative response and succession and
bio-feedbacks to the atmosphere (e.g., ACIA, 2@8laghan et al., 2004). The second focus will be
on generating freshwater ice-growth models foriatakes that are able to predict changes in ice
cover thickness and composition (the latter betngngly modified by changes in snow cover). This
part of the research plan links strongly to thedsesf ICARP Il Science Plan 8 that requires
information about freshwater ice cover given thabi strongly affects aquatic productivity (e.g.,

ACIA, 2005; Wrona et al., 2005).

In reference to (iii), terrestrial, arctic freshemsystems are characterized by extreme eventsasuc
floods and droughts that are predicted to occuenfrequently with climate change (Walsh et al.,
2005; Wrona et al., 2005). Extreme flood eventsiedr commonly by spring snowmelt runoff and
related ice jams, are of major concern in northatitudes because of the preponderance of
communities that are located along river edgestlamdhuge economic impact such events can create
on development infrastructure (the catastrophigaoe floods along the Lena River in spring 2001
being one recent example). Notably, however, sgftowds created by ice jams have also recently
been shown to be of critical importance to the gstesn health of high-latitude rivers, particularly
deltas, which are some of the most biologicallyduaive areas in the North. The focus of this péart
the research plan will be on producing river-icediup and ice-jam models for northern rivers that
are capable of predicting conditions under diffegring-runoff conditions, such as are forecast to
occur with alterations to other cryospheric compuag¢snow and permafrost), which are the focus of
the river component as outlined in (i) above. Fegar2 shows a typical case where backwater from
river ice produces extreme water levels underikeltlow river discharge.
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Figure 7.2.(a) Example of ice- (upper curved line) and opeaten (lower-curved line) rating curves
for a northern ice-covered river. (b) Dots and geadicate ice-induced extreme flood events, which
produce water levels far higher than those forejent discharge under open-water conditions. Such
spring extreme events are typical for large amitiers forming a major hazard to northern
communities but are also essential to sustainiagitneaquatic ecosystems (from Prowse et al., 2002)

7.3. Key Scientific Questions
7.3.1. Broad Scientific Questions

How will ongoing and predicted future changes @ ititer-annual variability of arctic terrestrial
cryospheric and hydrologic processes affect gl@val regional feedbacks to the climate system (e.g.,
radiative feedbacks and feedbacks via the thernmadalrculation), and global sea levelhis

includes, for example, space-time variability iheaddo of cryospheric components, snow-cover extent,
thawing of ice-rich permafrost, lake/river/wetlaicd-covers, glaciers/ice caps and the Greenland Ice
Sheet, geomorphic processes, soil moisture, asthirger fluxes.
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How will ongoing and predicted future changes ie tyospheric and hydrologic systems affect
terrestrial and freshwater aquatic ecosystem prdigitg and biodiversity?This includes, for
example, soil moisture (especially in terms of watien succession), freshwater ice cover (timing,
duration and composition), wetland-peatland wateels (magnitude and seasonality; especially in
terms of trace gas fluxes), permafrost-controllextigdwater circulation, sediment production and
transfer, and snow cover (structure and depth fanmals).

How will ongoing and predicted future changes ia lydrologic system impact humangtis
includes, for example, changes in the dynamicspeoperties of freshwater ice (timing, duration,
composition, e.g., effects on transportation),ril@wv and water storage components (timing,
seasonality, extremes: floods and low flows; e@gneration of hazards and limitations on water
supply), rainfall and snow cover (extent, duratioepth and structure) and permafrost dynamics
(active layer depth, geomorphic processes, thatlesetnt-thermokarst; e.g., implications for water
access and development).

7.3.2. Specific Questions

1. What are the main climatic and landscape costoi the volume and timing of arctic discharge;
how do these controls vary across the pan-arctimaio, and how will they be affected by future
climate change? How do hydrologic characteristieslgme, timing, and extremes) of arctic river
discharge affect biogeochemical fluxes (includireger temperature)? What changes in the dynamics
of hydrologic processes are most likely to posedts to the availability of water for northern
residents?

2. What are the effects of climate variability ardinge on spatial and temporal variation in snow
cover that are known to affect radiative and trgees feedbacks to the climate system, runoff
seasonality, permafrost, winter biological habitggomorphic changes and biogeochemical
processes?

3. What are the effects of climate variability aiichnge on permafrost properties and extent that are
known to be important in affecting the variabililgagnitude, and composition of trace-gas fluxes to
the atmosphere? What ecological and geomorphic gésueccur in association with degradation of
ice-rich permafrost and how do these influence blgdjic processes?

4. How will seasonal soil moisture regimes in pedinost and seasonally frozen environments respond
to variability in hydro-climatic conditions, and whwill be the implications of these for terrestria
runoff, geomorphic processes, and biogeochemicat§?

5. How are freshwater fluxes from glacier massebépan-Arctic changing? To what extent do
factors other than climate affect volume/geometignges? What will be the future sensitivity of
glacier masses to climate change variability? H@am increased melting trigger changes in glacier
dynamics? How are dynamic changes currently obseavseveral Greenland outlet glaciers related
to climate change variability?

6. What changes in the characteristics of lake @wet-ice covers result from variations in climate
that are important to radiative feedbacks, aquatioductivity, geochemical fluxes during the spring
freshet, surface transport conditions, and thrdeds extreme flooding events?

7.4. Scientific Approach

7.4.1. Background

Considerable international effort has been expemuéging to understand historical changes iniarct

cryospheric and hydrologic systems, and to prebeait future course. Although much progress has
been made, advances in both diagnosis and pradittiee been thwarted by the sparseness of data in
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the region. This situation has been exacerbateecient years because of the reduction in many
observing networks for budgetary reasons. Moreaen when changes in arctic systems have been
identified, knowledge gaps associated with coldeneg processes have made the problem of
identifying controlling factors difficult. For exgoie, causes for the observed increase in Eurasian
discharge (Peterson et al., 2002; McClelland e804) remain elusive because of the absence of
spatially detailed precipitation data and poor us@eding of other cryospheric and hydrologic
processes (e.g., ground ice melt) coupled wittptiesence of enlarging urban centers in northern
environments which can modify streamflow regimeg.(estorage/release of water-reservoirs, dams).

To improve our understanding of cold-regions hyogat systems, two research initiatives were
undertaken over the last decade on two major norttieer basins, the Mackenzie River in Canada
(MAGS: Mackenzie GEWEX [Global Energy and Water [ByExperiment] Study) and the Lena
River (GAME-Siberia: GEWEX Asian Monsoon Experimemithough both studies have resulted in
major advances in cold-regions hydrologic knowleggaticularly through the coupling of
atmospheric and hydrologic models and detailedlsbaain process studies, both programs end by
2006. Unfortunately, these studies were also tiheeesting platform for subsequent phases of a
WCRP/GEWEX Project for Intercomparison of Land-aud Parameterization Schemes (PILPS), a
project with the objective of identifying the cajldies of models to simulate high-latitude wateda
energy cycles. To date, though, the only complptegkct is on a relatively small basin on the borde
of Sweden and Finland (Torne-Kalix River), whichilsfit is a high-latitude river does not flow tceth
Arctic, and has a climate that is more temperada thost of the pan-arctic drainage (e.g., permafros
underlies only a small part of the Torne-Kalix IsdsMany other process-based hydrologic studies
have been conducted in high-latitude regions bey ttave never been coordinated aside from the
inter-comparison of water-balance results fromwinpolar basin studies (Kane and Yang, 2004; via
US Freshwater Initiative (FWI)) whose researcheesadfiliated with a long-standing Northern
Research Basins (NRB) Working Group originally semmed by UNESCO's International
Hydrological Programme (IHP).

Both in the case of the large GEWEX and small IHRB\scale studies, the focus has been on solving
the water budget, although other cryospheric fotssedies (e.g., permafrost, snow, lake and river-
ice) have been integrated to varying degrees. lceaks, however, solution of related hydrologic
effects, ranging from effects of permafrost on swdlisture and groundwater recharge to ice-affected
flow routing and ice-jam flood generation remainsive.

Hydrologic studies focused on glaciers, for inser@ave been very rare with most of the information
coming from programs focused on determination atighk mass-balances, the major driver being for
input to sea-level estimation. On the other harahyrsmall basins (10 to 100 Rnin the Arctic are
partly glacierized and the mass balances of thieegegs have an important effect on the water
balance as the net balance represents the steragé¢hiat can provide a larger reduction (water
storage) or surplus runoff on a yearly basis. Unfuately, as is the case for small basin studi@ssm
balance studies in the circumpolar Arctic are Jamyted. Less than 0.1% of the glacierized area of
the Arctic (although this is regionally variabls)monitored by ground-based programs (Walsh et al.,
2005). Similar to the case of non-glacierized catehts, such a small data base makes spatial
extrapolation difficult particularly without a comghensive range of representative glaciers from all
major arctic hydro-climatic regimes. The value wéls an approach is exemplified by the startling
findings of some recent extrapolation results ftaska that indicated meltwater production from
southern Alaskan glaciers in recent years is aldogble that estimated for the Greenland Ice Sheet
(Arendt et al., 2002; Rignot and Thomas, 2002)iarabout half the estimated loss of glacier mass
worldwide (Meier and Dyurgerov, 2002). However,@tbtudies indicate that meltwater production
from Greenland might have been underestimated (RapgkBraithwaite, 2005). Evaluations of
several large glaciers draining the ice sheet atdithat their velocities have recently doubledj(i®t
and Kanagaratnam, 2006) and been accompanied &tegegeas of surface melting (Steffen and
Huff, 2005), the combined effects indicating theiséng estimates of Greenland freshwater flux and
contributions to sea-level rise are too low (Dowdsls 2006). Specific results show the northern
Greenland glaciers to be close to balance yetdasiass. East Greenland glaciers are in balance and
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flowing steadily north of Kangerdlussuaq, but Kamthessuag, Helheim and all the southeastern
glaciers are thinning dramatically. In the northtyesost glaciers are largely out of balance.
Jakobshavn accelerated significantly in 2002, dadigys in its immediate vicinity accelerated more
than 50% in 2000-2004. Overall, the mass balantkeoGreenland Ice Sheet was about -80 + 1D km
of ice per year in 2000 and -110 +15%afiice per year in 2004, i.e. more negative thased on

partial altimetry surveys of the outlet glaciereeThegative mass balance for the Greenland Ice Shee
was even larger in 2005, resulting in one of thgdat terrestrial ice freshwater fluxes in the hem
hemisphere. Figure 7.3 shows the extent of surfagdéng (not ice thickness changes) recorded in
2005 and the fluctuations since 1979. More rese&mivever, is required to relate surface melt exten
to mass-balance changes and ultimately freshwabeluption. In general, as climate continues to
warm, more glaciers will accelerate, and the massrze will become increasingly negative,
regardless of the evolution of the ice sheet ioteri

In summary, our limited monitoring and current ghgsunderstanding of high-latitude cryospheric
and hydrologic processes and systems makes ituliffo answer adequately any of the scientific
guestions posed in section 7.3. Importantly, howetere are now a number of timely opportunities
that might make it possible to meet these challengthin the timeframe of the ICARP Il process:

1. A greatly improved ability to model key waterety variables over the arctic region that has
emerged over the last decade as a result of rgaantipleted (or soon to be completed)
hydrologic regime studies noted above (MAGS and &SVSiberia). Major scientific
advancements should be imminent through the apiglicaf this enhanced ability.

2. Although there remain critical gaps in procesdarstanding and in the representation of physical
processes in hydrological models applicable tdatahdscapes at all spatial scales, the recent
assessment of IHP-NRB studies offers the additioppbrtunity to focus effectively research
energies on these gaps.

3. The upcoming International Polar Year (IPY) &mar programs — Arctic-HYDRA (an arctic
hydrological observing system), GLACIODYN (a progranitiated by the International Arctic
Science Council-Working Group on Arctic Glaciold@SC-WAG]), ICEMACH-GIS (ICE
MAss CHange on the margins of the Greenland Icet$hend TSP (Thermal State of Permafrost:
an integrated set of permafrost-related projecesseen by the International Permafrost
Association [IPA]) — provide unique opportunitiesthe near term. All four have direct links to
the longer term objectives of this ICARP Il sciepdan.

Figure 7.3.Extent of melt on the surface of the GreenlandSiceet. Red zone denotes 2005 melt
extent; mean extent 1979-2005 is shown by yellow. linset shows annual variations in extent of
melt (knf) over same period (from Steffen and Huff, 2005)teNl figure shows only surfacing melting
not loss of ice.
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4. The emergence of new technologies will allowgbience questions articulated in section 7.3. to
be addressed in ways that were not previously plessilew satellites, some newly launched and
others to be operational within the ICARP |1 tinaefre, offer dramatically new opportunities to
provide observations over large areas of criticarities such as precipitation, snow-cover extent
and water equivalents, glacier ice volume, surfaater extent and soil moisture, among others.
Although most of these satellites are intendedyfobal application, this ICARP Il science plan
has been designed to promote high-latitude basipeisites” where integration of multiple
cryospheric and hydrologic ground-based measurenveiitoffer the ideal locations for the
testing and application of such remote-sensingstool

Given the above, this ICARP Il science plan outliagprogram that is based on a phased approach
that includes (a) process studies, (b) modelingpadiction, and (c) long-term observations in a
format that will allow short-term progress in a rwen of areas outlined in the science questiondgwhi
ensuring that gaps in long-term observations adeesded. The intent is that, by the end of the
program, these new observations will make it pdssibaddress aspects of the science questions that
are critically dependent on long-term observatiéiusthermore, the approach includes near-term
actions that will permit many of the science quewito be addressed in the short term, using egisti
observations, and/or measurements that are cuyriegitlg acquired. Figure 7.4 is a schematic
outlining the ICARP 1l process of integrating fidddsed monitoring at supersites with modeling and
remote-sensing applications to permit broad-scpsealing of results.

7.4.2. Procedure

Although some of the science questions requirertbatinformation be obtained about all
components of the arctic terrestrial cryospherit laydrologic system, different research strategies
need to be undertaken for the study of some commpisn@uestions 7.3.2.1 to 7.3.2.4 will focus on
various controls of the water balance that vanatiyeamong physiographic regions, particularly with
respect to the form and quantity of the storagerddeer, since Question 7.3.2.5 focuses explicitly o
large-scale glacier masses, a different approacdter-balance determinations is required.
Similarly, a specialized program will be essertiigprovide answers regarding the freshwater ice
systems articulated in Question 7.3.2.6.
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Figure 7.4.Major components of the ICARP Il process.
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Providing answers to all questions can best beraplished by focusing research on watersheds and
glacierized regions spanning a range of spatidésc&iven the current state of knowledge and large
unstudied parts of the Arctic, a three-pronged @agh is recommended:

filling of existing knowledge gaps through processearch in well-studied regions;

initiation of new research programs in regions #ratcurrently unrepresented by previous field
programs; and

extrapolation of understanding gained through mectudies and modeling analyses throughout
the pan-arctic basin. To enable such extrapolatias essential to conduct verification and
validation studies in carefully selected sitesriler-studied regions.

In the case of river-basin hydrologic studies,strategic approach will be to link process studies
relatively small scales (e.g., research catchntgptsally of size <10 to 100 kfiwith modeling and
observations within intermediate-scale river bagypscally having drainage areas of around 50,000
km?, both of which would be linked to observations amobleling at the scale of continental river
basins (e.g., Mackenzie, Lena) with drainage aegaseding 10kn?, and eventually the entire pan-
arctic land domain. The observational strategyuides enhanced measurements at the smallest scale
to support detailed process studies (some of whimlid be conducted on a rotating basis over the
15-year study horizon), and enhanced long-termrghtiens over the pan-arctic domain. While field
studies may be conducted at all three spatial scafenecessity they will be focused mostly at the
smallest scale, for example, research catchmerdganifar strategy will be used for the glacier sésd
and related upscaling described in subsequenbsesciiake and river ice studies will focus on
specific sites of regional interest or represenéaiess.

Supersites

It is recommended that some field locations begieded as “supersites” at which enhanced
observations and process studies would be cardeddaconcentration of cryospheric and hydrologic
field process studies including ancillary grounddxamonitoring programs offers the enormous
advantage relative to other relevant satellite-thgsegrams for the testing/validation of new
generation remote-sensing technology in high-lddtanvironments, as described in section 7.4.3.
Development of an enhanced network of essentiabarements within such supersites, including for
example, precipitation, air temperature, thaw dispibsidence, slope processes, ice thickness and soi
moisture, will be necessary to permit calibratiod &alidation of remote-sensing results. Such broad
scale spatial data will be invaluable for providietjable answers to the science questions listed i
section 7.3 such a data-sparse region of the gkibal selection of site locations will form paftthis
ICARRP Il science plan, as outlined in section 7.7.

Nested Structure of Supersites

Detection of changes in hydrologic and other criasjz variables in response to a changing climate
and quantification of natural temporal and spat#alations will require establishment and
maintenance of key observation programs. Quangfgixtreme conditions must be a priority due to
the consequences of their effects on human andahatstems. Additionally, the marked changes that
occur as ecosystems change from conditions of frez¢hawed (e.g., snow-covered to snow-free,
continuous-permafrost to discontinuous-permatfiiostcovered to ice-free) represent drastic threshol
changes with radical impacts on thermal and hydjiolproperties. Accurately incorporating these
threshold changes in modeling analyses is ess¢ottarrectly portraying not only annual dynamics
but more broadly ecosystem evolution and quantgathanges in the linkages among system
components. Such linkages are scale-dependentrpegpiat change in level of importance from the
local to regional to continental domains. To additéss issue in river watersheds, research studles
be conducted using a nested-basin approach whaleedependent variations may be detected and
guantified.
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Roving Sites

Ideally, regionally representative supersites sthénel instituted at sites that already have
comprehensive water and energy-balance data sgisfully augmented by other supporting paleo-
information. Such a network of sites will be aicat starting point to improve and enhance
understanding of northern processes and to pralatewhich can be used to calibrate and validate
both modeling strategies and state-of-the-art olasien platforms. However, given that the pan-
Arctic possesses a huge diversity of terrain amdatlc conditions, achieving an improved
understanding of hydrologic-cryospheric processeas (streamflow, evaporation, storage changes,
and permafrost dynamics) in large tracts of theidmwill be unattainable with only this strategy.
Other sites will be needed in regions currentlkilag representative locations for the extrapolatbn
results and confirmation of the reliability of plgally-based models that have been extrapolated fro
the data-rich supersites to these more data-spangs. Similarly, areas noted to be experiencing
atypical conditions (e.g., areas experiencing warcoeaditions or heightened hydrologic activities
such as extreme floods/droughts or rapid shiftaciers mass-balance/vegetation) may also require
additional observations and process studies. Thvddaboth of these situations, a second stratefgy
employing temporary roving sites (ranging from siengeeployment of hydrometric/ meteorological
equipment to additional research field research)bgiused.

Modeling

Modeling activities will be conducted both at tieadl scale in support of (or to assist in interatiein
of) process studies, and at the intermediate agéiacales. The question arises as to how best to
integrate across the three spatial scales. Itggested that this be done both in the observational
arena, through use of remote sensing data, arteimodeling domain, through use of macro-scale
models evaluated and improved through use of ddbacted at the smallest scales. Furthermore, at
the largest (and perhaps intermediate) spatiatscdhta assimilation, as in the recently completed
ECMWEF (European Centre for Medium-Range Weatheeasts) ERA-40, North American
Regional Reanalysis, and the planned Arctic SyReanalysis, must play a key role. Links to
advancements in such reanalysis data sets and icaineeather prediction/climate models via
appropriate land surface models is imperative ¢seeton 7.4.5).

Specifically, environmental information from thdesgted supersites will provide the requisite data t
parameterize land surface schemes (see sectid).7T.ésting and validation of modeling capabilities
will be undertaken at these sites but further aiah will be required in selecting new locatiomsp

to extrapolation to the pan-arctic domain. Thisrapph of model development, calibration, and
validation utilizing well-studied and under-repretl research sites will then permit attribution of
causes of currently observed changes ongoing titc aegions and quantitative projection of future
responses in the hydrologic and climatic systermgeEtions of hydrologic and cryospheric responses
to a changed climate will be examined through theriscaling of data from a select set of models and
scenarios identified by the most recent assessméitie Intergovernmental Panel on Climate Change
(see section 7.4.6).

7.4.3. Observations

Conducting the process-based and modeling studiéieed above will require large suites of
observations of various cryospheric and hydrolegimponents. Although a rich body of
observational data does exist, a major impedinweintégrated cryospheric and hydrologic studies
over large areas of the Arctic is the sparse ascbdtinuous nature of monitoring stations and data
records in time and space. This section addressedshis research program will generate the recpiisit
additional data needed to address the major scunestions. Important to the success of this progra
is the collection of complementary data (i.e., obstons collected according to some standard that
enables greater ease in sharing and detectingeatiffes) and the promotion of archiving data in
relevant data centers (outlined by variable) faeas by all. See section 7.7.1.
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Although resource limitations might preclude diheétinding augmentation of existing observation
networks, this program has been designed (e.gudihrthe use of supersites) to present ideal
opportunities for related national/internationadgmams to operate at similar locations. With such
spatial integration of activities, each programwtide able to more effectively attain their indival

goals (e.g., high-latitude testing and validatianyl because of program synergies contribute to
answering of the questions outlined in this ICARBcience plan. To this end, an assessment has been
conducted of upcoming programs, especially thosdirgwith new remote-sensing products, to

ensure that the proposed research to be conduetedhe next 10 to 15 years will remain at the

cutting edge of developing scientific frontiers.

Precipitation

The lack of high-quality precipitation data is afedhe most commonly cited problems for the
inability to close the land-surface water and epdngdgets in arctic cryospheric and hydrologic
studies. Although there are a number of precipitedirchives (e.g., Global Precipitation Climate
Center, Arctic Precipitation Data Archive, and moggionally specific data sets for research
programs such as MAGS and GAME), the observedatatasually found to be too sparse and/or
improperly distributed by region and altitude. Tdalso exist a number of re-analysis gridded
products, the most recent and superior producglibie ERA-40, which has an approximate 1 degree
latitude-longitude grid). ERA-40 has been showpravide surprisingly good annual estimates of
precipitation at the scale of the major arctic rigasins, albeit with apparent biases seasonaity aa
smaller spatial scales. Within the ICARP Il timefre, the international SEARCH (Study of
Environmental ARCtic CHange) plans a regional réaiswhich has the potential to provide much
better estimates of the time-space variations @fipitation over the Arctic. At present, howevéist
activity is funded only at the exploratory levetaonly by a single U.S. agency (NOAA: National
Oceanic and Atmospheric Administration). Therel$® @an opportunity to link with one or both of

two new international satellite missions, the GRBIbpal Precipitation Measurement mission led by
the U.S and Japanese, and other internationalgrajtand the EGPM (European Global Precipitation
Measurement), whereby it would be possible to oldatailed precipitation data (including solid
precipitation) useful for the process studies aetli below. Both missions have high-latitude
capability and will require northern validationesit This ICARP 1l science plan via its supersitas a
possibly roving sites offers ideal locations foclswalidation.

Soil Moisture

Large-scale reliable archives of soil moisture infation do not exist for the arctic region. Mostada
have been collected by small-scale projects arditebe of relatively short-term duration (springla
summer, often missing the critical autumn-freezekhzeriod). Unfortunately, recent studies
attempting to close the water-balance of largeesasitic basins (e.g., MAGS) have found that soil
moisture storage can be a major unknown sourcer@f. éloreover, it is this type of information that
is also crucial to other studies of arctic chargyg.( vegetation succession being addressed by FCAR
Il Science Plan 8). Similar to the case of preaijoin, however, there are new and emerging satellit
imaging products that should soon be able to pekidh-resolution soil-moisture data that have
never before been possible to obtain. Such oppitigsrare offered by, for example, the recent U.S.-
German dedicated gravity satellite GRACE (GravigcBvery and Climate Experiment), the
upcoming European (2007) Soil Moisture and Ocedimi8aMission (SMOS) and the U.S.-Canada
(2010) Hydrosphere State Mission (HYDROS). Agdie, hydrologic supersites and roving sites of
this ICARP Il science plan offer ideal high-latitudalidation locations for these missions.

Snow Cover

Although in situ measurements of snow depth anevsmater equivalent (SWE) have been made
throughout the Arctic ranging from single-site depteasurements at climate stations to multi-point
snow survey and snow pillow observations, the roosiprehensive data are collected via remote
sensing. Maps of snow-cover extent are regularty.,(daily) produced for the northern hemisphere
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(e.g., NOAA NESDIS: National Environmental SatelliData, and Information Service). They rely on
a variety of visible and infrared spectral datahsas from the Polar and Geostationary Operational
Environmental Satellite (POES/GOES) programs anftbe Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the Earth Olbisgr8ystem (EOS) Aqua and Terra satellites.

A more critical need for model validation and hyldgic simulations is information about the spatial
distribution of SWE, which is a much more difficaliantity to measure than snow extent. The need
for better SWE data is especially urgent for higfitldes, where there are few in situ measurenients
complement the estimates derived from remote sgnéilgorithms have been developed and tested
based on SSM/I (Special Sensor Microwave/lImageatyuments on board several US DMSP
(Defence Meteorological Satellites Program) satal]iand for AMSR-E (Advanced Microwave
Scanning Radiometer for EOS) on the EOS Aqua gatel major problem that plagues all
algorithms is strong sensitivity to liquid watertire snow pack. Validation programs are underway fo
AMSR-E environmental products and an additionalte is being planned by the U.S. and
European satellite missions that would provide S¥¥timates at a spatial resolution of 5 km. Again,
the proposed ICARP Il science plan supersites wofilet ideal validation locations for these
missions. A similar opportunity exists for testiagd validating remotely sensed daily snow-albedo
data; a snow characteristic that is highly variableegetated areas and plays a critical role dyitie
late winter and spring seasons in controlling sneWmunoff. Data that can be derived from MODIS
make it possible to provide essential informatibouw large-scale variations in snow albedo at the
supersites for model validation and to permit ufisgdo the larger basins.

Seasonally Frozen Ground and Permafrost

The presence or absence of frozen ground (seasopafennial) in the Arctic is a major control on
the movement and storage of water, both on thestaapk and in aquatic environments. Moreover, it
has been cited as a potential factor in recentggmim the hydrologic productivity of northern lesi
and even more so for projected future changes wliaeatic warming (e.g., Wrona et al., 2005). Of
particular importance to hydrologic response isordy the presence of different types and extent
(both vertically and horizontally) of frozen grou(elg., seasonally frozen, discontinuous permafrost
continuous permafrost, ice-rich permafrost) butttliekness of the active layer (which controls the
rate of runoff response), and the rate/magnitudba# subsidence.

Under the auspices of the IPA Global Terrestriaiwek for Permafrost (GTN-P), several
circumarctic initiatives are underway. The oldesd dest-developed is the Circumpolar Active Layer
Monitoring (CALM) program, initiated in the early{20s to detect changes in the thickness and
temperature of the active layer throughout the &ertold regions (Brown et al., 2000; Nelson et al.
2004; Figure 7.5). Sites were initially selecteddzhon two primary criteria: (a) the existencerefp
existing data records; and (b) accessibility (effety, association with other scientific monitogior
experimental programs). The distribution of manyL@Asites is highly clustered, although in several
cases (Kuparuk Alaska, Mackenzie Canada, Westi8)ltaeir arrangement in latitudinal transects
represents an effort to monitor large drainagensasith the specific intent of scaling to the regib
level using the WMO Global Hierarchical Observirtgaegy (GHOST; see U.S. Arctic Research
Commission Permafrost Task Force, 2003). The GTa¥s® operates a borehole program (Figure
7.5), TSP (Romanovsky et al., 2002), which wouldnvaluable for evaluating the hydrologic
sensitivity of arctic hydrologic systems to futuvarming. Like CALM, TSP uses existing facilities
(boreholes) opportunistically and, subject to timstation, attempts to achieve extensive geographi
coverage at sites that are representative of neajdiscape types.

The CALM, TSP and related observation programs lshioel expanded geographically to include the
proposed supersites, thereby further increasingahgrehensiveness of their cryospheric/hydrologic
observation network and hence their utility as/tedidation sites for the hydrologic remote-sensing
programs noted elsewhere in this ICARP Il scierlae.gNotably, both CALM and TSP are key
components of an integrated IPY-endorsed permairagfram, under the title of Thermal State of
Permafrost.
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Figure 7.5.Location of permafrost candidate boreholes, adtiyer monitoring sites (after
International Permafrost Association) and GLACIODYaxget glaciers.

Periglacial Landforms and Processes

Observations of periglacial (cold, non-glacial) gewphic processes are critical for understandieg th
production, mobilization, and transport of sedinsdntcold-climate landscapes, and their relation to
climatic fluctuations. Periglacial processes amditzape evolution are closely linked to watersheds
and the large-scale hydrological system. The magdaiand frequency of geomorphic processes
influence terrain stability and vegetative comgositthereby exerting an important influence over
albedo and the subsurface thermal regime. Recéatgree for widespread thaw subsidence (e.qg.,
Jorgenson et al., 2006) indicates an urgent neea doordinated and standardized approach to
monitoring periglacial processes and sediment 8uwehe circum-arctic region. The SEDIFLUX
(Sedimentary Source-to-Sink-Fluxes in Cold Envirenis) program has made progress toward this
goal in Europe under the sponsorship of the Eum@edéence Foundation. The IPA’s Working Group
on Periglacial Landforms, Processes, and Climaddriiated observations at several pilot sitea as
precursor to building a global network of perigi@bservatories, and has prepared a field maoual f
monitoring periglacial processes (Humlum and Maks,i@004). These efforts, which are part of the
IPY-endorsed TSP program, represent key steps tbaereloping a comprehensive network, and the
observation strategies developed for periglaciat@sses in recent years should be integral
components of monitoring conducted at both thengwand supersites proposed here.
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Runoff

Besides the generation of extreme events (e.gwraett and ice-jam floods), most concern in recent
years about arctic river flow has been its potéimiftuence on the freshwater budget of the Arctic
Ocean and ultimately via export through Fram Stthé rate/stability of the thermohaline circulatio
in the North Atlantic (e.g., Lewis et al., 2000ngdortantly, however, much of the runoff to the Agct
Ocean is generated at much lower latitudes welidatthe Arctic (Figure 7.6); the annual runoff
volume being approximately linearly related to tle¢ined contributing area.

There exist a number of archives of runoff in thetia region (e.g., GRDC, Global Runoff Data
Centre; ARDB, Arctic Runoff Data Base; R-ArcticNEB)t runoff observation networks in the Arctic
have been shrinking over the last two decadeshandite of ungauged areas has correspondingly
increased. Often relied on as the benchmark temvater-balance studies, declines in the availgbilit
of runoff data have made hydrologic evaluations medeling strategies much more problematic. It
has, for example, become increasingly difficulptovide direct estimates of river runoff to the #iac
Ocean — information essential to answering Questidr2.1. To remedy this situation, a new
international program, Arctic-HYDRA, has been iaiéd with a general objective of establishing
networks for measuring basic hydrological composi@mthe Arctic. The initiative took form under
the WCRP Arctic Climate System Study (ACSYS) asdallow-on project CliC. A recently formed
Steering Group for Arctic-HYDRA is now developindul international plan for this core IPY
project. Moreover, it was decided by the Arctic-HRA Steering Group (April 2005) that the IPY
plan would be developed around the scientific gogland be directly linked to, this longer term
ICARP Il science plan.

New satellite remote-sensing products and methiedsapidly emerging as the future source for
observations of hydrologic regimes (e.g., Alsdord &ettenmaier, 2003; Brakenridge et al., 2005;
Harding and Jasinski, 2005). Of special value ecemt radar and laser altimetry measurements of

Figure 7.6.Major catchment areas and river networks draitdntpe Arctic Ocean and seas. Width of
rivers illustrates relative discharge (after Wadstal., 2005). Note that catchments extend welbbdy
the Arctic to almost 40° N. Inset shows relatiopsfaipproximately linear) of total annual flow
volume to varying definitions used to define thetaatchment area contributing flow to the Arctic
(from Prowse and Flegg, 2000).
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water-surface elevation and slopes obtained fraTthPEX/Poseidon satellite (NASA and CNES
[Centre National d’Etudes Spatiales]) and ICES&#3$N'’s Ice, Cloud and Land Elevation Satellite).
Furthermore, evolving major programs, such as tHeJES. proposed Water Elevation Recovery
(WaTER) Satellite Mission (Alsdorf et al., 2005)owd provide a unique opportunity for direct
observations of lake and reservoir levels over mafdhe Arctic, and (via assimilation of surface
slope measurements) estimation of the dischargeost rivers over the Arctic with widths greater
than about 50 m. Such a program would form an istaiface with the related Arctic-HYDRA
initiative and the hydrologic supersites proposethis ICARP Il science plan.

Biogeochemical Fluxes

Most comprehensive observations of biogeochemiggé$ in the Arctic originate from site-specific
research studies, although some national programsedsure select variables (e.g., sediment) on the
main stems of the largest arctic rivers. One végiaften overlooked, however, is water temperature,
which is likely to experience dramatic changes jarodiuce significant effects on other arctic systems
as the terrestrial cryosphere shrinks.

There does exist, however, one broad-scale circlanpoogram focused on measuring the
biogeochemical characteristics of river waters ftbmsix major arctic drainage basins as they flow
from land into the Arctic Ocean. Conducted underthS. Freshwater Initiative (FWI), the
PARTNERS project has the overall objective of usingr-water chemistry as a means to study the
origins and fates of continental runoff (Peter2003). Unfortunately, the observation program for
this initiative concludes in 2006. It is hoped thatne of these observations can be integratedtieto
Arctic-HYDRA observations strategy and continuegbag of this ICARP Il science plan that would
permit linkages of planned supersite observatioriké larger river responses. The IPA is currently
formulating a plan to assess carbon stocks in geostaegions that could be integrated with these
efforts through ICARP Il Science Plan 8.

Lake and River Ice Cover

The only centralized archives of lake and riverdega, primarily related to timing of freeze-up#ike

up and ice thickness, are held by national agenkiegeneral, ground-based observations of lake ice
tend to be fewer in number than those for riverdeich are collected on a regular basis as patief
river hydrometric programs. In rare cases, recofdeeeze-up/break-up phenology exist for >100
years (Magnuson et al., 2000) but sites are extseraee in arctic regions. The largest internationa
archive of data is held by the Global Lake and Rige Phenology Database at World Data Centre for
Glaciology, Boulder, CO, USA. To varying degreeteinationally, ice cover on freshwater bodies has
been monitored from space using visible (e.g., Adea Very High Resolution Radiometer
(AVHRR)), active radar (e.g., RADARSAT) and passmirowave (e.g., SSM/I) sensors. There
remains a need to integrate the in situ and satelliservations to create long-term time serietatés
regarding freeze-up and break-up processes. Forther there is also a need to identify a limited
number of sites with high quality in situ measuratsdor evaluation of satellite data, and for
development / validation of lake-ice models. Agaiver the 10 to 15 year timeframe planned for the
ICARP Il process, significant improvements in datetemote sensing products for both lake and
river ice observing will be made. Of particularargst are products which should have short-interval
repeat cycles necessary for the observation ofrdimehanges in river ice during freeze-up and
break-up. This ability combined with increased wattmeasurement resolution (e.g., from laser
altimetry) will permit the direct observation okigenerated flood conditions and stream-wise
variations in river slope, a critical piece of infmation for improving dynamic river-ice models the&t
extremely impractical to document from in situ avsgions presently.

Glaciers, Ice Caps, Greenland Ice Sheet

A critical research need in the Arctic is to core@h up-to-date global glacier inventory. For some
regions, existing inventories are sparse; inveasoalso need to be updated where glacier areas have



ICARP Il — Science Plan 7 15-7

changed. A global satellite-derived dataset of eggdce areas is a minimum requirement. Ideally, a
complete glacier database describing individuaigtdocations, areas, and geometries should be
compiled, so that mass-balance measurements ondadi benchmark glaciers can be extrapolated to
unmeasured glaciers with greater certainty. Ingeitmn of the lack of global information about the
extent and changes in glaciers, an internatiora@inam entitled GLIMS (Global Land Ice
Measurements from Space) was initiated by the Ge®logical Survey. It was designed to use
primarily data from the ASTER (Advanced Spacebdrhermal Emission and Reflection
Radiometer) instrument, flown on board the EOS & spacecraft, and the monitoring activities are
expected to continue through the life of the Tenission. This work will also establish a digital
baseline inventory of ice extent for comparisorhviiiventories at later times. Current observations
are held by the World Glacier Monitoring Service@WMS) and the National Snow and Ice Data
Center (NSIDC). This program offers the abilityoimvide the much-needed arctic glacier inventory
required for this ICARP Il science plan.

The Program for Arctic Regional Climate Assessn{BAtRCA) supported by NASA cryospheric
sciences has been monitoring the Greenland Icet &feess balance, dynamics, and surface climate
using in-situ, aircraft, and satellite observatiforsover a decade. Only recently has it been
recognized, primarily from satellite observatiohattsectors of the Greenland Ice Sheet can abruptly
speed and thin over periods of just a few yeandltiag in a reduction of the size of this frozen
reservoir. Further, measuring how much water igestdn ice sheets and glaciers and its interannual
variability is important in the interpretation dtsllite gravity data that can be used in the estion

of ice-sheet mass balance. Estimating past cotiitsito local hydrology and global sea level isse
critical in predicting the response to anticipatbdnges in climate. Such temporal perspectivesbsill
aided by the extensive information about Greenfzaldo-climate produced by Greenland ice-core
programs (e.g., the U.S.-sponsored second Greeldarsheet Project, GISP2, and GRIP, its
European counterpart) and from the Greenland-fatpset of the arctic climate research proposed
ICARP Il Science Plan 9.

Although the Greenland Ice Sheet is the major iesgiin the arctic region, many other regions and
catchments in the Arctic are dominated by gladiegstaps that can also contribute substantial
amounts of water to river systems and ultimatetyAinctic Ocean. As such, observations of their
changes are important to a number of the scienestigns listed in sections 7.3, specifically inahgd
Questions 7.3.2.1 and 7.3.2.5. A first-order estinod changes that might result from future climate
change (see section 7.4.5) has also been comjitettek Arctic Climate Impact Assessment
(Oerlemans et al., 2005; Walsh et al., 2005). Aofber arctic hydrologic processes, however,
generalized assessments of glacier response Arttie are hampered by a lack of observations,(i.e.
<0.1% of glacier area with ground-based monitoreng) the fact that the measured glaciers are not
sufficiently representative to be used in upscatisgessments of mass balance. Hence, there is a
critical need to obtain mass-balance informatiamfia broader set of ice sheets, ice caps and large
glaciers (>25 krf) representative of different climatic regions atiitudinal zones. In particular, areas
of special focus should be the west and east Algltinds (Svalbard and Russian Arctic), Canadian
Arctic Archipelago and Greenland small glaciers mmdcaps. While field-based programs are
essential to such a large-scale assessment (semsed.4), recent advances in satellite-basedtem
sensing have markedly increased the ability to mesehanges in glacier mass balance. Most notably,
promising results about the mass-balance of megosheets have been generated using laser altimetry
sensors of ICESat (Zwally et al., 2002; Zwally, 2pthat will hopefully be followed by a successor
satellite in the near term. Although a major footithis initiative in the Arctic is the Greenlanckl

Sheet, such a system could provide the observatiecesssary to evaluate changes in other critical
concentrations of glaciers and ice caps. Enhanbsédreations will also be made as part of the IPY-
GLACIODYN (see Figure 7.5) and ICEMACH-GIS programsluding the measurement of ice
motion (such as through the use of INSAR; Interfegtyic Synthetic Aperture Radar). The broader use
of these observations is described in section 7.4.5
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7.4.4. Process Studies and Modeling

At the small basin scale, field research will bguieed to develop process-based algorithms for
inclusion in, and improvement of current statetwd-art cold-regions cryospheric and hydrologic
models — both for off-line prediction, and reprdséinn of these processes in coupled land-
atmosphere-ocean models. Overall, these model$dsheiwcapable of determining snowmelt
evaporation, transpiration, surface and subsuriaweff, thawing and freezing of the active layer,
thermal regime of the active layer, slope processtiment transfer, infiltration, and channel and
lake routing. Moreover, the models need to expjicouple atmospheric and terrestrial systems.
Section 7.4.5 outlines the basic modeling strategywill be used. A select number of processes
requiring special attention are outlined in thédwaing sections.

Evaporation

Although network improvements and new remote-segngohniques are identified above that could
lead to improvement of the estimates of arcticetdrial precipitation (P), current calculations of
evaporation (E) are equally problematic in solMif for much of the Arctic. Such problems are
evidenced by the results of various General Citmraviodel simulations of future climate, which do
not agree even on the sign of changes in E, lekealoe magnitude (e.g., Walsh et al., 2005).
Unfortunately, observational data are far too séoc regional model evaluations. Process studies a
the various representative supersites (and enhamteshcurrently extremely sparse direct
measurements of E, e.g., via eddy correlation &nerdlux tower measurements) will aid in refining
E parameterizations. Special attention will neebléglaced on the simulation of transpiration for
differing vegetation types, since major vegetasbiits are forecast to occur with changing climate.
Remote sensing products, used in conjunction witdeting (e.g., via data analysis) will, however,
have to play a major role in upscaling direct obagons, which are constrained to points or very
small areas, to the river basin and larger scales.

Sublimation

Recent research has pointed to the importanceowfifly snow and related sublimation in local and
regional water budgets. The regional supersitdspeiimit broad-scale evaluations of their imporanc
so that proper algorithms can be incorporatedtimnext generation of climate models, which do not
currently include the enhancement of sublimatioblofving snow or, in some cases, even direct
sublimation from snow surfaces (e.g., Walsh e28l05). A key problem is associated with
inaccuracies in measurements of humidity at lowpterature (Bowling et al., 2004), a problem which
should be resolvable in the context of supersitenlations.

Snowmelt

Most versions of snowmelt models used in the Ansigce developed for application in more
temperate climates. Process-based studies in Hajitede, colder climates have shown that such
models are deficient because they do not adequatelsider factors such as large negative soil heat
flux, or infiltration into cold snow covers and #@n soils of varying soil moisture. Continued pssce
studies are required to permit the proper paratmetén, testing and validation of snowmelt models
that can ultimately be used in upscaling hydrol@gid geomorphic predictions. For upscaling from
plot to catchment or larger scales, it is importardccount for the effect of the mosaic of snow
covered and snow free patches, and related vargioalbedo — information at the larger scale that
will be possible to obtain from remote-sensing mid.

Seasonally Frozen Ground and Permafrost
Frozen ground plays a significant role in contrajlihe interactions between surface and groundwater

flow regimes. Changes in the temporal and/or spagmes of frozen ground (e.g., via talik
formation) can produce major changes in the raiatipp between precipitation and terrestrial
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hydrologic processes such as evaporation, surtemfr thaw subsidence, sediment transfer, slope
processes, and groundwater flow. Specific to thraimnd sub-permafrost systems, more field-based
research will be required to evaluate hydrogeokdgicoperties such as permeabilities, storage
capacities, flow velocities, and residence timesluding groundwater recharge rates in fracturetl an
karsitic rocks. Again, the regionally representatupersites will be the platform for studies airaed
improving the parameterizations in hydrologic flovedels. The related active-layer and borehole
measurements from the CALM and GTN-P programshwlespecially valuable in this regard for
calibration and validation.

Geochemical Fluxes

Major changes in geochemical fluxes in ground amtbse water are expected to accompany changes
in permafrost conditions and related vegetatiofis(g.g., Wrona et al., 2005). New generations of
hydrologic models that consider land-water intecast at the catchment scale, however, are stdl in
state of initial development. Comprehensive datenfthe supersites will be of significant value to
further development of these models.

Runoff and Ice Cover

Accurate runoff data are critical in process stsidiralyzing any of the other basic water-budget
variables. Small-scale field studies will needdiblased measurement programs to generate these but
it is planned that the larger network will be suggpd and augmented via the remote-sensing
approaches noted earlier. There remains, howeverea to conduct additional field-based research
that will lead to development of a hydrological rabthat permits reasonably accurate simulation of
river discharge during the transitional times &feze-up and break-up (e.g., Prowse, 2005). Suck wor
should also focus on the linkages with atmospheaitrols (e.g., radiation induced ice decay) that a
known to control the interactions with runoff ame tseverity of ice-jam flooding (i.e., relate to
Question 7.3.2.6). Further to this end, advancesaquired in the state of lake-ice models,
particularly with respect to their ability to modd#ianges in cover composition as a result of iraga

in snowfall that are forecast to occur at highétudes under future climate change (e.g., Wrordl.et
2005).

Glaciers/Ice Caps

Process-based field studies, including mass-balae@surements, are needed at various
representative sites to permit calibration/validatof the above noted remote sensing systems
(ICESat) and further refinement of mass-balanceaisod/oreover, while laser and radar altimetry
systems are most likely to yield an improved capyaoi accurately measure changes within
accumulation zones, large unknowns associatedasitirolling processes in the ablation zones still
remain (H.J. Zwally, NASA/Goddard Space Flight Genpers. comm.). Here, further process work is
required to aid in the development of more reliabtalels that can explain the observed thinning of
the Greenland Ice Sheet. Of particular importasde find explanations for the excess thinninghef t
margin where melt water penetration, flow histong ahe albedo field are likely to be controlling
factors. Both GLACIODYN and ICEMACH-GIS studies Wilrovide information on these.

7.4.5. Upscale Modeling / Synthesis

Most of the science questions posed in sectiomifl. Bequire integration of process-study and
observation/remote-sensing results. For Questidh&.71 to 7.3.2.4, macroscale land surface models
will be the primary mechanism for model integratidhese models typically are implemented at
spatial scales utilized by numerical weather ptéaticand climate models — in practice usually
meaning >10 km. Most land surface models use &gaith” representations of the land surface in that
they do not deal explicitly with topography, atdeaot in the context of explicit representation of
slope and aspect effects on solar radiation, amddasture redistribution. For this reason, theyraoe
applicable at spatial scales much less than abkot. Nonetheless, this is enough to be consistent
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with local field measurements of vertical fluxeadiant and turbulent), as long as the measurements
are taken in areas without significant terrain cboapions. Furthermore, a trend in land-surface
modeling is the explicit representation of sub-dr&derogeneity effects on the larger scales (e.g.,
spatial variability in soil moisture, discontinuity snow cover). Therefore, supersite observatimih

of variables that by their nature represent intiegi@ffects over an area (e.g., streamflow) and
variables for which high resolution networks (sashgrid measurements) can be designed to capture
spatial variability, are appropriate for model itegtand evaluation at the local scale. The prooéss
synthesizing data from these research catchmetitgrateed in two steps. The first will be upscglin
to the intermediate (to ~ 50,000 Rnscale. The strategy envisaged here will be sirtil®ILPS-2e,
which used gridded model forcings (1/4 degree wgwi) of hydrometeorological data from
observing stations. A similar approach possiblygsecent reanalysis products (e.g., ERA-40) will
permit this intermediate-scale modeling. The abdlils of streamflow data, ideally for multiple
locations within each nesting of sites, as welhasvarious satellite-derived products of other
hydrologic/cryospheric variables will facilitate ohel evaluation and testing. A similar combinatidn o
station, reanalysis and satellite data will be usetcbmplete modeling at the largest scales at the
continental watershed to pan-arctic domain. Thigcafe modeling framework when instituted will
also be used to link the observations of thaw patieh and geochemical fluxes observed at the large
basin scale to the measured and modeled fluxée aupersite/research-basin scale.

In reference to the upscale modeling of glaciegpaese, this program supports the work conducted by
the IASC (International Arctic Science CommitteepMing Group on Arctic Glaciology (WAG). As
input to the Arctic Climate Impact Assessment, theyloyed a simple approach relying on seasonal
sensitivity curves (i.e., sensitivity of the masdamce of glaciers within different hydro-climatic
regimes to changes in temperature and precipifetiioaestimate the runoff of all glaciers in the #ac

for a set of climate-change scenarios (Oerlemaak,2005; Walsh et al., 2005). In this static
approach, calculations were made assuming corgiarier geometries and calving rates. As part of a
submission to IPY under the name GLACIODYN, the GAW/AG proposes to use more dynamic
modeling approaches that will make improved usebskrvational techniques (e.g., as described in
section 7.4.3) and to develop a hierarchy of motifelscan be used to aggregate data for improved
regional predictions. A set of 15 target glaciesese(Figure 7.5) with extensive records of relevant
environmental conditions (e.g., micro-climate, mbaknce, geometry, ice flow, internal structure,
temperature field, hydraulics, calving, runoff dndirology, sediment dynamics, bathymetry) will be
used, with special attention placed on calvingiglac In a related vein, the IPY project ICEMAC-GIS
will involve field campaigns, aircraft campaignatedlite-based studies and modeling efforts to
produce a comprehensive picture of mass loss (fusudflimation and ice discharge) from the GIS.
Given the short timeframe of the IPY and the samip8LACIODYN and ICEMAC-GIS, it is

expected that additional research will be requineslibsequent years to address fully the glacier-
related components of Questions 7.3.2.1 and 7.3&#5ce, extension of the GLACIODYN and
ICEMAC-GIS programs over the full timeframe propdsy ICARP Il is proposed, particularly with
enhanced linkages with the new satellite-basedrpmg described in section 7.4.3.

Significant progress has been made in the advamteshever-ice modeling that considers various
factors such as frazil transport, freeze-up briggioe growth and ice-jamming but comprehensive
models that consider both river flow and ice dyrzgmare still in prototype states of development
(Morse and Hicks, 2005). Observations of riverdoeing the dynamic periods of freeze-up and
break-up (particularly with detailed slope inforina), combined with enhanced observations and
prediction of river discharge will offer the idegbportunity to refine and validate the currentafet
models over a suite of river-reach scales and blygoermit answers for Question 7.3.2.6.

7.4.6. Downscale Modeling: Future Climate and Scenas
Some of the questions posed in this ICARP |l s@gplan involve effects of future climate change.

Future scenarios of climate change to drive theouarmodels will rely on an ensemble of global
climate model output from those selected by thetmezsent assessment by the Intergovernmental
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Panel on Climate Change, i.e., over the 10-15 tygeframe of the ICARP Il process beginning with
those for the IPCC Fourth Assessment Report, d20®7. Notably, however, much of the research to
be conducted by this ICARP Il science plan is kel lead to improved understanding and related
algorithms that can be incorporated into futuréoglalimate models and regional climate models.
Examples range from better upper-soil layer detinifor resolution of the permafrost active layer,
particularly in areas of thin permafrost, to impedwalculations of river-flow generation from vargo
cryospheric components (snow and glaciers/ice aaps)ts routing in ice-affected systems.

The expanded measurements and research propasesi IGARP 1l science plan will also lead to an
improved ability to forecast future conditions e@nfirmation of hind-cast results. The best example
is that for glaciers/ice caps in which additiomajfroved mass-balance modeling will permit
additional hind-casting in regions where atmosphéaita are available. Expanded mass-balance
observations (field-based and/or via satellite) algo provide credibility and an indication of the
uncertainties in future predictions.

7.4.7. Data Rescue and Archiving

Important to all aspects of existing and propodeskovation programs, particularly including remote
sensing (see section 7.4.3), and the process/mgdstlidies (see sections 7.4.4 to 7.4.6) is the tee
develop an integrated program of data rescue afnivarg. Although a number of international
bodies/agencies already exist for storing manyefidentified physical variables, they are in many
cases as unconnected as the programs that they Berady access to a wide range of cryospheric and
hydrologic data is essential to conduct many oftiegleling studies and integrated assessments and
subsequently to answer the scientific questionisudated in section 7.3. Given the rapid expansibn
arctic research, including that proposed underdRY in the various ICARP Il science plans, this
need is not unique. Two possible options existtoeve successful data archiving: a fully integiate
central data archive, or an integrated multi-nadige network. Although determination of final
solutions to achieving appropriate data archivireghnds would rest with the scientific body selected
to oversees this ICARP Il science plan (see sexffoh and 7.7), it would be logical to integratéada
archive activities with a program specifically dged for this such as the newly developed
COMAAR (Co-ordination of Observation and Monitorinfjthe Arctic for Assessment and Research;
see IPY initiatives in section 7.5.4).

7.5. Linkages / Users

The major focus of this ICARP 1l science plan isdentify and subsequently cement a network of
linkages. There exist large ranges of recently detag, ongoing, and emerging science efforts that
could be brought together to more effectively aehitheir individual goals and, through their
synergistic efforts, answer some critical cryosjieydrologic questions in the terrestrial Arcfithe
various types of linkages are categorized in thlevidng sections.

7.5.1. Research Program Extensions

This ICARP Il science plan has direct linkagesdeesal programs initiated by the WCRP that are
complete, or are about to conclude. These inclndéwwo GEWEX studies dealing with cold regions
hydrology in the Mackenzie (MAGS) and Lena rivesiba (GAME-Siberia). It will have the
advantage of building on the data collected anckwonducted under these two programs. Originally
these large basins were also to be used for testwider the PILPS program after the initial tegti

on a small northern basin in PILPS-2e. This prognam offers the opportunity to validate the land
process schemes at a variety of basin scales wihthioriginally defined basins. The opportunityoals
exists to build on work conducted on the varioysirblogic research basins as linked through the
UNESCO-IHP-NRB and currently under review by the B)SI.
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7.5.2. Remote Sensing Validation

Through the establishment of supersites, this ICARRience plan offers ideal basin platforms for
the testing and validation of a number of new typler®mote-sensing instruments that require high-
latitude, cold-regions test sites. Linkages of ®asi observation programs mean that the supersites
proposed in this ICARP Il science plan will have thllest range of ancillary observations in the
arctic regions necessary for calibration/validatiBemote sensing initiatives that could profit tigh
such linkages include: precipitation (GPM and EGP#4)l moisture (GRACE and SMOS); snow and
ice characteristics (ICESat; EOS-AMSR-E), thaw #idigce (ICESat, ASTER) and the upcoming
hydrologic measurement programs such as WaTER.

7.5.3. Program Advancement

This program will also have necessary linkage®toesother remote sensing systems/initiatives that
are either already producing information about sS(@®ES; EOS-Aqua & Terra MODIS) or glacier
coverage (GLIMS). In the case of permafrost, tBIARP Il science plan depends on linkages with the
IPA-generated CALM and GTN-P/TSP to ensure expansfdhese active layer and borehole
monitoring programs into the supersite locatiortgotigh hydrologic model upscaling, this program
creates a direct linkage with the objectives oflttiernational Association of Hydrological Sciences
(IAHS) program for Predictions in Ungauged BasiREIB). It is aimed at “formulating and
implementing appropriate science programmes togamgad energise the scientific community, in a
coordinated manner, toward achieving major advaircé®e capacity to make predictions in
ungauged basins.”

Overall, this ICARP Il science plan has a direck#ige with many of the more global objectives
formulated by the CIliC program including their @y areas:

CPAL: The terrestrial cryosphere and hydrometeggoltd cold regions

CPAZ2: Glaciers, ice caps and ice sheets, andrdlaiion to sea level, and

CPAA4: Links between the cryosphere and global ¢éma

Following the presentation of this ICARP Il sciendan to the international Arctic science
community in Copenhagen (November 2005), membetiseo€liC Scientific Steering Group
expressed a strong interest in employing the mldretp build its international research strategy fo
CPAL. More formal linkages are currently being pet Significantly, the CliC timeframe is
comparable to that envisaged by this ICARP |l smeplan.

7.5.4. International Polar Year

In designing this ICARP Il science plan, a linkages forged with the program Arctic-HYDRA (see
section 7.4.3, Runoff), which has been selectetheyPY Joint Committee as a core project.
Moreover, it was agreed by the recently formed iafefYDRA Steering Group that this ICARP |l
science plan will provide the scientific ration&be what is being proposed to be undertaken during
IPY under Arctic-HYDRA. This is significant giveiat most national programs related to this theme
have been requested by the IPY Joint Committee twaptured under Arctic-HYDRA.

As outlined in this program, much of arctic hydigpyalepends on permafrost conditions and therefore
the work being conducted under CALM and GTS-P fierlPY TSP program will be invaluable.

Given the value of the permafrost monitoring detes, recommended that the supersites identified in
this ICARP Il science plan be spatially merged wvgithsent/future TSP monitoring locations.

Similarly, given the research needs for hydrolagidies to be conducted at yet-to-be determined
“supersites” under the IPY core project FreshwBiediversity Network, such sites should also be
spatially integrated. One of the goals of this IGARscience plan is to try and integrate a nunader
ongoing projects, the locations of “supersites’higgane necessary objective. To this end, the newly
developed COMAAR project, an initiative of the Acc€ouncil for the IPY, might be a vehicle to aid
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in the coordination of “supersites” identified g ICARP Il science plan and to manage the reguisi
data rescue and archiving described in sectiof7.7.4.

Although Arctic-HYDRA has a strong terrestrial hgthgic focus, answers to many of the Arctic-
HYDRA/ICARP Il Science Plan 7 scientific questiaesjuires research on glaciers, ice caps and the
Greenland Ice Sheet. Much of this information stdag¢ generated by the type of research proposed
under the IPY projects, GLACIODYN and ICEMACH-GI8though extensions of these programs
beyond the Internal Polar Year would be needectwmate the detailed information required to
answer fully the science questions listed in secti@.

7.5.5. Northerners and Ecological Systems

In addition to the various programs noted abowve dibsign of this ICARP Il science plan has
developed from research needs identified in thei@f@imate Impact Assessment (ACIA, 2005),
which had a strong focus on evaluating the impéctimate change on northern residents.
Specifically, it focused on needs identified in @tea 6 (Cryosphere and Hydrology) by Walsh et al.
(2005) and Chapter 8 (Freshwater Ecosystems aherfes) by Wrona et al. (2005) and related water-
resource issues identified in additional socio-ewoic chapters. The program has also tried to peovid
supporting research for other ICARP Il science planich as ICARP Il Science Plan 8 which requires
information about changing hydrologic conditionsatsess related changes in biological feedbacks
and biodiversity.

Successful initiation, conduct and completion @ ICARP Il science plan will require that
northerners be involved in as many of the develogreages as possible. Such opportunities need to
be explored through the regional and national gowent infrastructures, which include the various
northern research laboratories and monitoring agenParticipation is also essential from the usio
regional, national and international aboriginalasmngations.

7.6. Outcomes / Achievements

Because the Arctic remains an area of frontiemgidie study compared to most other parts of the
globe, the current lack of a coordinated scientiffcastructure and the opportunity to fill thisigo
through an integrated coordinated approach asedtiin this ICARP Il science plan creates a unique
opportunity. The proper design and coordinatioa bfoad-scale range of cryospheric and hydrologic
studies in the circumpolar north will prove to bajor international achievement, possibly
unequalled elsewhere.

The major outcomes of this program will be the arsvwo the set of six specific questions outlirred i
section 7.3 and the creation of an internationsg¢aech structure and related long-term northees sit
that can be used for answering many other questéated to the more general questions of section
7.3. Because water is such a central theme to sy aratic issues, an enormous list of outcomes that
will accrue from this program could be generateusTs beyond the scope of this program
description but important examples include:

the definitive accounting on freshwater fluxes fralterrestrial cryospheric and hydrologic
sources (i.e., from rivers to polar ice sheetghArctic Ocean that are so important in
controlling global climate (e.g., sea-ice productradiation budgets and effects on the North
Atlantic thermohaline circulation) and sea levekri

projections of terrestrial soil moisture and ice@oconditions that are needed by modelers of
changes in terrestrial biodiversity (e.g., ICARBdience Plan 8); and

threats to northern residents that will result framanges in flood regimes and water availability
regimes, water availability, and thawing permafrost

Even the simple compilation of observations and ehediresults will fill large spatial data gaps in
many global monitoring archives, such as operatetth® GRDC or the WGMS. This combined with a
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more comprehensive understanding of terrestriasphieric and hydrologic systems will also permit
numerous related products to be generated for tbicAitems that normally exist for other parts of
the globe with larger population bases. One ilatste example of a concrete product useful for both
scientists and northern residents would be a cipmian atlas of arctic water resources includingrthe
availability and the local hazards they create. tMbosadly, this knowledge base coupled with the
modeling of future climate scenarios will providertherners with the essential information on how
their cryospheric and hydrologic systems will bieetied, and thereby provide a guide on how they
may have to adapt. Quantifiably predicting charigdsydrology or permafrost on a very local scale
remains a problematic challenge; however, locakictpof a changing climate are of greatest concern
to indigenous residents and therefore must be bojdlae research community.

7.7. Implementation

Two implementation strategies are required foritiiteation of this ICARP Il science plan, one aeth
programmatic level and the other at the operatiteval. There will also be short-, medium- and long
term implementation phases.

7.7.1. Phase 1: Programmatic

In the initial phase and at the programmatic leiés$, clear from this ICARP |l science plan thatumy
ongoing research activities operating in the Aratie germane to the scientific questions posed.
Unfortunately, they are largely disparate progravith little formal linkage. This ICARP Il science
plan has been designed to orchestrate a coalesseaceimber of program activities, at least
geographically (e.g., via supersites), so that ttegyall profit from synergistic activities andals
produce integrated results required to answer sutttee key scientific questions. Initiating and
continuing to promote program integration, howeeannot be completed in an ad hoc fashion and
requires the long-term involvement of a dedicaw@drgific body. A number of potential international
scientific organizations exist which could strikpragram and/or group to address such integration o
cryospheric and hydrologic activities. These ineluidr example, WCRP-CIiC that already has a
related set of program activities; IASC followinigiag the lines of its related Working Group on
Arctic Glaciology; CEON (Circumarctic Environmenfabservatories Network) and its developing
set of circumarctic observatories; or the newlyfiorg International Study of Arctic Change (ISAC;
initiated by IASC and the Arctic Ocean SciencesBd@&OSB); Anderson, 2005)), which wishes to
become the legacy of IPY and through an internatiproject office, the “home” of ICARP Il
projects. Whatever the selected body, they woulthbene to facilitate and/or conduct the integrati
of results (including overseeing complementary okeeon programs/data archiving) to address
scientific questions posed in section 7.3.

7.7.2. Phase 1: Operational

Once a program body has been identified a numbstept are needed to operationalize the program.
It is proposed that a number of dedicated workslbepsonducted to initiate integration. Given the
overlapping objectives of many groups, it shoulddiatively straightforward to achieve a successful
confederation of program activities.

The first key workshop should focus on the ideatifion of supersites. In the case of glaciers,ithis
already being addressed by the IASC-WAG through #atection of 15 key glaciers. Although some
preliminary review work has been conducted throaglevaluation of UNESCO-IHP-NRB sites
(Kane and Yang, 2004), a broader evaluation neetle tonducted in recognition of the different
programs that would be involved. These would ineltlte various remote-sensing programs that
require northern sites for testing and validatibhyairologic products (e.g., GRACE, SMOS, ICESat,
GPM, EGPM); the programs that would involve extensif their ground-based monitoring programs
(e.g., Arctic-HYDRA, CALM, GTN-P/TSP), and the gqmaithat would be involved in the process and
upscale modeling activities in and from these ssifes (e.g., PUB WG on cold regions, the various
circumpolar Chief Delegates from the UNESCO-IHP-NRBd those from GEWEX-PILPS for cold
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regions). Subsequent workshops would be needetti@té focused work on the basins; budget
conditions being one of the primary considerati(se® section 7.8).

A related workshop would also be required to itétismtegration of ice-hydraulic and hydrologic
models. The hydrologists measuring/modeling flowegated from the supersite and upscale basins
would be the logical group to interface with the-ltydraulic modelers. Again, there are some pent up
energies related to this topic that will assisthie research moving forward. In recognition of leed

to integrate cold-regions hydrologic and hydraudisearch, an international working group was struck
(Ferrick and Prowse, 2000) in 1999 by the IAHS-In#&ional Commission on Snow and Ice (ICSI)
and the Ice Committee of the International Assamnefor Hydraulic Research (IAHR-Ice). There has
been renewed interest in this group and the requigirk to answer Question 7.3.2.6 is an ideal $ocu
for their next phase of activities.

7.7.3. Phases 2 & 3

Striking of a governing body and completion of thw workshops forms the initial implementation
phase. The medium term will include other researahworkshop activities including: establishment
of supersite networks; identification/implementatiaf roving sites; calibration/validation of remote
sensing (phased as new satellite systems comeen piarameterization of hydrologic, river-ice and
glacier models; model calibration and validatiamgl énitial future climate-scenario modeling. The
final implementation phase will deal with the ugstgof results from the supersites and the broad-
scale modeling of future-climate scenarios.

7.8. Funding
7.8.1. Synergistic Leveraging (Ongoing Programs anlaitiation of IPY Activities)

Given the broad-scale nature of the most criticelstjons related to terrestrial arctic cryosphanid
hydrologic systems, significant long-term fundisgéquired to answer them (see section 7.8.3).
However, in light of the large number of researobugs with complementary sub-objectives to this
overall research plan, much of this funding canltdsom financial “leveraging” of existing program
and projects. Many of the projects already opegatirthe Arctic on issues relevant to this ICARP Il
science plan already have funding and will be &blgrofit” from the synergies of inter-program
cooperation/integration, such as through the useipérsites. This is especially the case, for examp
with the remote-sensing initiatives that requirélivestrumented high-latitude calibration and
validation sites. Moreover, given that during tlexelopment phase of this ICARP Il science plan, a
number of studies have been generated with comigapaiectives to those identified by this project.
For example, Arctic-HYDRA, the core hydrologic pgoj of the IPY has adopted much of the
research foci of this ICARP Il science plan. Moregunost of the hydrologic studies proposed by
individual countries have been clustered underigdidlY DRA. Hence, IPY funding should be
available for a number of the objectives definethia ICARP Il science plan. The main issue will be
whether such funding will be continued by partitipg countries after IPY. To this end, the best
budget approach will be to ensure that an intesnatiscientific body assumes the responsibility of
ensuring the continuation of the programs.

7.8.2. Phase 1 (Governing Scientific Bodies and ti@l Workshops)

One desired outcome of the ICARP Il meeting in Noler 2005 was the identification of a scientific
body to take charge of the ICARP Il Working Groupradject. Members of the Scientific Steering
Committee of the WCRP program CIiC expressed agtiaterest in this ICARP Il program and how
it could assist in the development of CPAL (Theetgrial cryosphere and hydrometeorology of cold
regions), although the program has implicationstother programs dealing with sea-level rise and
global climate. However, given that this ICARP dlence plan deals specifically with the Arcticsit
also recommended that a dedicated Working/ Ste&nogp also be established but operating under
the auspices of CliC. Annual costs for the operatiof such a group are estimated to be
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approximately US$60,000 per year. Additional cestsild also be associated with the planning and
undertaking of the two integrative workshops idiéedi for Phase 1 (see section 7.7.2). These would
be essential to promote the inter-program synetbeswill ultimately lead to significant multi-
program leveraging of resources.

Costs for planning and undertaking the initial safte workshop would be in the order of US$50,000
and US$150,000 respectively. Costs for the icedlpdic-hydraulics workshop for the same two
activities are estimated at US$20,000 and US$80@3pectively. Thus the first phase of this
program, likely to occur in the first two yearstbé program and preferably to interface with the
implementation of the IPY studies, could be conualeit a total cost of US$420,000. Some of the
workshop costs could well be partly funded throagbrdinated activities with the IPY programs
(e.g., using COMAAR for assistance in supersitect@n). No specific agency for securing Phase 1
funds has been identified here but it is recommeéradea point of discussion for the ICARP Il stegrin
group, the international bodies (including the Ar€ouncil and the IASC) in attendance at the 2006
Arctic Science Summit Week at which this plan Wi delivered, and other relevant international
scientific bodies (e.g., WCRP-CIiC and ISAC — seetion 7.8.3).

7.8.3. Phase 2 & 3 (Long-term Program Management aninternational Contributions)

Some of the largest costs associated with this IEARcience plan will be from the potential
observation infrastructure that might have to Istituted at the supersite locations. Levels of ingd
for such, however, are difficult to estimate asttine prior to the identification of the sites aido in
recognition that many will be supported by individlaountries and their respective federal
departments and funding agencies. The costs bgrtieelvarious circumpolar monitoring agencies
involved with the establishment of Arctic-HYDRAae such example. Notably, however, some
countries (e.g., Canada) are already in the pramfdgentifying resources that could be used for
supporting the program objectives, such as thréByhand/or GEOS (Global Earth Observation
System) activities.

Securing funds to ensure successful continuatighisforogram through Phases 2 & 3 is expected to
be the responsibility of the governing scientifadly identified in Phase 1. This could be aided by
official program status of the governing body, sashthat proposed by the Interim Science Planning
Group of ISAC that envisions ISAC to be the partiarfocus for future funding calls. To this end,
however, it is important to stress that this pragtauilds upon many national research programs, such
as the FWI in the US and MAGS in Canada that aceifato conclude without any clear program
successors. Extensions to these or revised/upgetgdams are critical to achieving the scientific
synergies necessary to answer the scientific quresposed here and articulated in related
international science assessments. Moreover, @A&P |l science plan also offers the vehicle by
which various other non-arctic nations, which a&éasingly recognizing the global importance of
arctic processes, can participate in an internalipweollaborative research program. More generally
direct national participation can provide concetalence of responding to the critical researcligaee
expressed by international arctic assessmentsasuttte Arctic Climate Impact Assessment (ACIA,
2005). Budget estimates are difficult but they waoloé in the range of five to ten million US dollars
per year, or approximately an order of magnitudgeathan the coordination function outlined for
Phase 1.
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