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Abstract

We review achievements in hydrological modelingrdvigh latitudes during ACSYS,
including development and improvement of land stefschemes in representing cold
processes, large-scale hydrological modeling oigdr katitude river basins, and
estimates of freshwater river inflow to the Ardicean. ACSYS hydrological modeling
efforts were closely linked to the GEWEX Contindi8aale Experiments (CSEs), and to
the Project for Intercomparison of Land surfaceaRuaterization Schemes (PILPS)
Results in this review are mainly from PILPS 2AGS, BALTEX, GAME-Siberia

(the latter three of which are CSEs), and othatisturelated to ACSYS. Based on these
achievements from the ten years efforts, the ACSNMéntific strategy for hydrology,
which included adaptation of macroscale hydroldgicades developed in the
framework of GEWEX to Arctic (high-latitude) climatonditions; and development of
physical (conceptual) or parametric mesoscale hgdiro models for selected river
catchments within the Arctic region, was implememeore or less as envisaged in the
ACSYS Implementation Plan. In spite of major admin high latitude hydrological
modeling during the ACSYS era, there remain imparpoblems in parameterization of
snow, frost, and lake/wetlands cold processes withimate and hydrology models, and

in linkages between atmospheric and hydrologicaleto



9.1 Introduction

Significant changes have been observed over thé\pait land domain (defined for the
purposes of ACSYS as all of the land area draitorntfpe Arctic Ocean) in recent
decades. These include increases in winter ahgré&dipitation (Wang and Cho 1997),
reduction in spring snow cover extent (Armstrond 8nodzik 2001; Brown 2000),
upward trends in permafrost active layer depthyéndeld et al. 2004; Smith et al. 2005),
and a later freezing and earlier breakup dateseobn lakes and rivers (Magnuson et al.
2000). Strong trends have also been detected sosaband annual patterns of Arctic
river discharge (e.g. Peterson et al. 2002; Yarad. @002; Ye et al. 2004). All of these
changes are directly linked to the Arctic hydrotogycle, which plays an important role

in land, atmosphere, and oceans of the global tfirsgstem (Vorosmarty et al. 2001).

Runoff from Arctic drainage basins represents 5@% @ net flux of freshwater to the
Arctic Ocean (Barry and Serreze 2000) which makesstrong role of the land surface
unique among the world’s oceans. The total voluntetamporal variability of
freshwater discharge to the Arctic Ocean exertsoag control on the salinity of the
polar ocean and subsequently the thermohalinelation of the World Ocean (Aagaard
and Carmack 1989; Broecker 1997; Karcher et al5p0@nce changes in the amount
and timing of runoff from the land surface are ohcern climatically. Accurate
estimation of freshwater inflow to the Arctic Oceamd the spatial and temporal
variations of Arctic river runoff in both gaugeddanngauged basins are therefore of
considerable concern not only to the land surfgsees, but to the coupled land-ocean-

sea ice-atmosphere system of the Arctic.



These ongoing changes, and the connectivity oAtkéc freshwater system to global
climate, motivated the objectives of ACSYS hydratag programme (WCRP 1994),
which were to
Develop mathematical models of the hydrologicaleymder specific Arctic
climate conditions suitable for inclusion in coupldimate models,
Determine the elements of the fresh water cyctaenArctic region and their time
and space variability,
Quantify the role of atmospheric, hydrological daad surface processes in the
exchanges between different elements of the hydicdbcycle;
Provide an observational basin for the assessnfigrutssible long-term trends of
the components of the fresh water balance in tleticAregion under changing

climate.

To respond to these stated objectives, the ACS\dgohygical programme was
structured to include two major components. Thet fvas the development of regional
data bases for the main components of the fresérwatance of the Arctic region; and
the second was the development of hydrological msanfeselected Arctic river basins
and their validation using appropriate observatiolaga sets. This review focuses on the
second component, hydrological modeling of thei@reigion conducted under the

auspices of ACSYS.



Early in the evolution of ACSYS, a need was recpgdifor coordination of ACSYS
hydrology activities with the companion World ClitedResearch Programme (WCRP)
Global Energy and Water Cycle Experiment (GEWEX)jgct. GEWEX hydrological
activities were initially formulated around a séGwontinental Scale Experiments (CSEs),
among which three -MAGS (Mackenzie GEWEX Study) LBEX (the Baltic Sea
Experiment), and GAME (GEWEX Asian Monsoon Expenm)eSiberia were all

focused in part on the hydrology of portions of pam-Arctic domain. Hence rather than
embarking on a potentially duplicative hydrologioabdeling effort, ACSYS

hydrological modeling efforts were closely linkexdthe three above-mentioned GEWEX

CSEs.

Concurrent with the evolution of ACSYS and GEWEXneaincreasing recognition of
the sensitivity of high-latitude land areas to @imchange, and the need for better
representation of cold region processes in the [Sntace Schemes (LSSs) used in
numerical weather prediction and climate model® Ploject for the Intercomparison of
Land-Surface Parameterization Schemes (PILPSiligian activity of GEWEX and
later of the WCRP Working Group on Numerical Expentation (WGNE), was
designed to provide common data bases and protfmrdissting of LSSs, and in so
doing, to motivate improvements in the models. e& kspect of the ACSYS
hydrological programme was co-hosting, with GEWBKPhase 2(e) of PILPS (see
Bowling et al. 2003 for details). We summarize kieg contributions of PILPS 2(e) in

Section 2.



This paper reviews documented achievements in lygical modeling over high
latitudes under ACSYS, including development angromement of LSSs, large-scale
hydrological modeling, and estimates of freshwatear inflow to the Arctic Ocean.
Results are mainly from PILPS 2(e), MAGS, BALTEXAME-Siberia, and other
studies related to ACSYS. Summaries are then peovidgarding what ACSYS did and

what remains to be done in high-latitude hydrolagmodeling.

9.2 Evolution of land surface schemes

It has been widely recognized that the contindatad surface processes and their
characterizations play an important role in theusacy of global climate and numerical
weather prediction models (Dickinson and HendeiSelhers 1988; Beljaars et al. 1993,
Xue and Shukla, 1993; Gedney et al. 2000). LSSeritbesthe interaction of energy,
momentum, and water flux between the surface anovieérlying atmosphere. LSSs were
originally developed to provide lower boundary ciots for General Circulation

Models (GCMs) (Manabe, 1969). In the past two desathere has been a great deal of
attention focused on development of LSSs and eoolutf their complexity from the
simple “bucket” model to the more complicated s@getation-atmosphere transfer
schemes. There has also been an expansion iragi@ications from their original role

in coupled land-atmosphere models used for climatenumerical weather predication
to off-line, stand-alone use for hydrology, agriau, and ecosystem studies. Although
different LSSs have evolved from different heritagend details differ, their
representation of soil hydrology and runoff genieraaire of great significance regardless

of their origins as the scheme used to partitiotewand energy in hydrological,



ecological, and coupled land-atmosphere modelsdetson-Sellers 1996). PILPS was
designed to assess the performance of LSSs inseineg the hydrology, energy,
momentum, and carbon exchanges with the atmospdreadp achieve greater
understanding of the capabilities and potentialiegiions of LSSs in atmospheric

models (Henderson-Sellers et al. 1993, 1995).

9.3 ARCTIC HYDROLOGICAL MODELING DURING ACSYS

As noted above, early in the history of ACSYS isvaecided that hydrologic model
development would be undertaken by the companioliR®WGEWEX program, and that
ACSYS would primarily be a user of GEWEX-fosteraditologic development.
Hydrologic model development within the three GEWEZREs (MAGS, BALTEX, and

GAME-Siberia) most relevant to ACSYS is discusselbl.

9.3.1 MAGS

MAGS, the Canadian contribution to the GEWEX coaltital-scale experiments, was
designed to understand and model the high-lativater and energy cycles of the
Mackenzie River basin (1.8x1km?), and to improve the ability to assess the climate
changes to Canada's water resources (Stewartl&9d; Rouse 2000; Rouse et al. 2003).
Development of hydrologic models, land surface sese and land-atmosphere coupled
models, suitably adapted for northern conditiorss wne of the initiatives of MAGS.
Consequently, the outcomes of MAGS contribute diyeo the objectives of the ACSYS

hydrological programme.



A number of sites for intensive measurement weveldped within MAGS to represent
different biophysical facets of the Mackenzie Ritesin. Intensive hydrological process
studies promoted the development of process maaesksd on these field
experimentations (Rouse 2000, Woo et al. 2000; WabMarsh 2005). Among the
targets of these field activities were improvemamnrocess-based models of snow
accumulation, blowing snow, intercepted snow, arahgnelt infiltration on frozen soils
(Pomeroy et al. 1997, 1998, 2002; Pomeroy and QD26ledstrom and Pomeroy 1998;
Woo et al. 1998; Essery et al. 1999). Woo et &0 and Woo and Marsh (2005)
provided detailed reviews of Canadian researcimaws frozen soils and permafrost
hydrology (including results from a first phaseMAGS) during the years of 1995-2002.
They concluded that up to the date of their writifegv advances in comprehensive
mathematical models that represent cold-regiondigdic processes had been
incorporated into Canadian hydrological and atmesphmodels despite the

development of new process-based algorithms.

The Canadian Land Surface Scheme (CLASS) (Vers&g8¥; Verseghy et al. 1993),
which was developed as a LSS for the Canadian @e@eculation Model (CGCM), has
been a participant in most PILPS experiments (ohalg PILPS 2(e)). Development of
improved parameterizations for CLASS was the ultenabjective of much of the MAGS
hydrological modeling activity. A major effort witn MAGS was to improve the ability
of CLASS to simulate land surface hydrologic valeshlespecially runoff). This was
accomplished by merging the surface energy flud (ggetation) algorithms within

CLASS with the hydrologic routing algorithms fromAVFLOOD, a flood forecasting



model (Kouwen et al. 1993). A three-level framewfmkhydrological modeling in
MAGS was built in stages by combining CLASS and WADOD as shown in Fig. 9.1
(Pietroniro and Soulis 2003; Soulis et al. 200%)e Tesulting model is termed
WATCLASS (Soulis et al. 2000), and uses CLASS fentical processes and the lateral
algorithms from WATFLOOD. Off-line simulations ugiiwWATFLOOD, CLASS, and
WATCLASS, which are driven by measured or foredi@étis of near-surface data,
represent Level O, Level 1, and Level 2 effortdhwmtthe MAGS modeling strategy. The
full coupling between CGCM/CRCM (Canadian Regio@hmate Model) and land
surface hydrology model (CLASS/WATCLASS) represdrmsel 3. During the course
of MAGS, Levels 0, 1 and 2 were achieved and tamé&work for the progressing with

Level 3 was established.

Results from small research basins showed markpmbiraments in the simulation of
streamflow when using WATCLASS with its enhancedrojogy in comparison to the
original version of CLASS 2.6, with Nash-Sutcligéiciency (NSE) increased from <0
to 0.6~0.8 (Soulis and Seglenieks 2007). Howewer preliminary application of
WATFLOOD and WATCLASS in the Mackenzie basin indezhthat the traditional
hydrological model WATFLOOD was better able to siate hydrographs than
WATCLASS both in the timing and volume of the pg&lg. 9.2) (Snelgrove et al.

2005). The worse performance of WATCLASS in Fi@®(especially for the Athabasca
River station) suggests that the increase of moal®plexity degraded model capabilities
with respect to the timing and magnitude of simedadtreamflow. Snelgrove et al.

(2005) suggested that future work was requireditigb gaps in the current theory in
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order to improve model simulations. These includplementation of theories for
infiltration and liquid moisture flow through fromeground and examination of snowmelt

processes within WATCLASS.

Fassnacht and Soulis (2002) examined the effectar@dtions in snow representations in
WATCLASS on water and heat fluxes, and found thatibclusion of four enhancements
to the CLASS snow process representations (ocargrehmixed precipitation, fresh
snow density, maximum snowpack density, and casapyfall interception) strongly
effected predicted heat fluxes, but had little ictpgan streamflow simulations. Davison et
al. (2006) attempted to improve the simulationhaf $patial variability of snowmelt in
WATCLASS by including wind-swept tundra and drifasses based on topography

rather than the traditionally used vegetation lelagses.

A second five-year stage of MAGS, MAGS2 (which bega2001) was aimed toward
developing a fully coupled atmosphere/land-surfaygdrologic modeling system (Level
3) based on the three primary models (CRCM, CLASBE, WATFLOOD). CLASS had
previously been coupled with CRCM, which was thengry regional climate model
used in MAGS. The coupled model (CRCM/CLASS) alaritlp the high resolution
geophysical database was used to examine the nadsastospheric circulations during
the snowmelt period over the Mackenzie basin (Mac#taal. 2003a). Further evaluation
of the coupled model was conducted by comparingrbéeled surface water balance
with observations during the water year 1998-99dK&y et al., 2003b). The results

demonstrated a plausible simulation of precipitattemperature, and snow cover
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through the Mackenzie. However streamflow was posirhulated when the output was
used to drive two offline hydrologic models. MacKetyal. (2007) summarize the
development and application of the version of CR@d within MAGS (denoted
CRCM-MAGS), which is essentially a developmentaisien of the CRCM. The
emphasis of regional climate modeling in MAGS wargély on land surface processes
and the interaction between the land surface amdtiinosphere. The impact of lakes on
regional climate is currently an active area oeeesh within MAGS (Rouse et al. 2007).
A one-dimensional thermal lake model (DYRESM) wath embedded within CLASS,

and was being tested over the Mackenzie River Batdime completion of MAGS2.

9.3.2 BALTEX

The Baltic Sea Experiment (BALTEX) is a Europeantdbution to the investigation of
the energy and water cycle over a large drainagesy(Baltic Sea and related river
basins) (Raschke et al. 2001). Developing couptedspheric, oceanographic and
hydrological models is a primary objective of BALXEThe entire Baltic Sea drainage
basin ranges from the subarctic climate in nortlienhand (69° N) to the temperate and
more continental climate in southern Poland (49°Athough BALTEX, like MAGS, is
not an ACSYSS project, there are many interactiol@s@mmon interests in modeling
high-latitude hydrologic processes between thesepiwjects (e.g., the PILPS 2(e) study

area is part of BALTEX domain.).

The land-surface scheme SEWAB (Surface Energy aatkiBalance) (Mengelkamp et

al., 1999), which was developed for use in BALTEXdesigned both for use in coupled
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land-atmospheric models, and to be run off-linealtulates the vertical energy and
water fluxes between the land surface and the ggth@we and within the soil column.
SEWAB'’s representation of runoff generation hasnkegroved following its
participation in PILPS phases 2(a) and 2(c) (Cheal.6.997; Wood 1998). A variable
infiltration capacity approach was included forfaae runoff generation (Warrach et al.
1999) and a ponding at the surface was added tmatér immediate streamflow
response to precipitation events (Mengelkamp €CGf11). The characteristic of seasonal
snow cover and soil frost in the Baltic Sea dragnbgsin requires the inclusion of winter
processes in the land surface model applied taeigion. Soil freeze-thaw and improved
snow accumulation and ablation representations weogporated within SEWAB by
Warrach et al. (2001). SEWAB overestimated thewarhand duration of snow cover
over the Torne-Kalix River basins in the PILPS gha&) experiments, although it
produced good streamflow simulations (Nijssen e2@03). As a first attempt to include
horizontal water processes in an atmospheric larfdce scheme for studies of the water
and energy cycle in the climate system, SEWAB vwgesduo simulate runoff and
streamflow at a regional scale in the Odra drair@gn with a drainage area of
1.19x1G km? (Fig. 9.3) (Mengelkamp et al. 2001) by linking aikontal routing scheme
which describes the transport of locally generateaff into river systems (Lohmann et

al. 1996).

The HBV model is a distributed conceptual hydrodagimodel which was originally
developed for flood forecasting (Bergstrom 199%jo\8 accumulation and snowmelt in

HBV are normally modeled by a degree-day approasied on air temperature
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observations. Within the framework of BALTEX theda-scale hydrological model
HBV-Baltic has been developed and used to simulateff of the entire Baltic basin

(1.6 x16 km?) (Fig. 9.4) (Bergstrom and Graham 1998; Grahan9),38 evaluate the
hydrological components of atmospheric models (&maland Bergstrom 2001), and to
assess climate change effects on river flow tBléc Sea (Graham 2004). These
results suggest that continental scale water balaradeling for the Baltic Basin can be
solved with the HBV-Baltic conceptual hydrologicabdel. However, the lack of energy
balance parameterizations within HBV is a majoritition, as the model is not
appropriate for inclusion in coupled land-atmosphaodels. In contrast, SEWAB is part
of a coupled model system of land, atmospherepagedn developed in the context of

BALTEX.

9.3.3 GAME-Siberia

The Lena River with a drainage area of about 2.83k1? is one of the largest rivers in
the Arctic. Approximately 78-93% of the basin idenain by permafrost (Zhang et al.
1999, 2000). The Lena River basin was chosen aaimfield site within the GEWEX
GAME-Siberia project. GAME-Siberia concentratesotrservation and modeling of
land surface processes, and regional analysisesfgmand water cycle in permafrost

region of eastern Siberia.

In GAME-Siberia, meteorological and hydrologicakebvations were carried out at taiga
and tundra areas within the Lena River basin dut®@p-1998, followed by intensive

observations during 2000 for various vegetatioresyflarch, pine, and grassland) (Ishii
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2001; Ohta et al. 2001; Hamada et al. 2004). Adinesnsional land surface model was
developed and improved to estimate water and erfenggs in extremely cold regions
based on the field data from GAME-Siberia (Yama2401; Yamazaki et al. 2004).
Characteristics of snow cover and river runoff isnaall watershed (5.5Kin Arctic
tundra near the mouth of the Lena River were stldieobservation and a new land
surface model simulation (Hirashima et al. 200484b). Ma et al. (1998) proposed a
one-dimensional numerical model to estimate the thaasfer in permafrost regions by
using the meteorological data obtained from obsereites in Lena River basin. These
model implementations help to understand and exglaserved land-surface processes
and seasonal flux variations; however, all thesdeatsowere basically only conducted at

point or small-basin scales.

A macro-scale hydrological analysis of the LenagRivasin was carried out to simulate
snowmelt, evapotranspiration, runoff generatiom averflow by using a combined
model which is composed of a soil-vegetation-atrhesp transfer model, runoff model,
and river routing model (Ma et al. 2000). Two kiredgyrid sizes were prepared for the
combined model, in which a 1°x1° grid was usedliierSVAT model and runoff model,
and a 0.1°x0.1° grid for the river routing modelthdugh this analysis was limited to

only one year, it was one of the few macro-scaldetiog studies from GAME-Siberia.

9.4 NATO ARCTIC FRESHWATER BALANCE WORKSHOP
A NATO Advanced Research Workshop (ARW) which famlispecifically on the

freshwater balance of the Arctic Ocean was helthlihn, Estonia in 1998. As a
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contribution to this workshop (results of which wgrublished in a 2000 NATO Science
Series volume, see Lewis (2000) for an overviewaywihg et al (2000) made the first
attempt to model in a comprehensive manner thedarfdce energy and water balance
of the pan-Arctic drainage basin using the VIC (&lale Infiltration Capacity) LSS.

VIC, as described by Liang et al. (1994, 1996) ggid-based land surface scheme which
parameterizes the dominant hydrometeorologicalga®es taking place at the land
surface-atmosphere interface. The model was desigoth for inclusion in Global
Circulation Models (GCMs) as a land-atmospheresfamscheme, and for use as a stand-
alone macroscale hydrologic model. The VIC modebiporates a two-layer energy
balance snow model (Storck and Lettenmaier 199@ykatuer and Lettenmaier 1999)
first used in the NATO study, which represents sagaumulation and ablation in both a

ground pack, and in an overlying forest canopyy).

In their contribution to the NATO Arctic Freshwateorkshop, Bowling et al. (2000)
report applications of the VIC to the Mackenzie &tulRiver basins at 2° spatial
resolution and daily temporal resolution to exanilmespace-time structure of runoff,
evaporation, soil moisture, and snow water equitalBhe work suggested that the VIC
macroscale hydrologic model was able to replidag¢etiming and variability of discharge
to the Arctic Ocean from large northern rivers, @lgb suggested the importance of the
physical processes (e.g., sublimation from blowsngw, surface storage in lakes and
wetlands, and infiltration limitation by frozen &)iwhich were not represented by the
model generation at that time. These finding nadéd many of the VIC model

improvements that were tested in PILPS 2(e), asritbes] in the next section.
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9.5 PILPS 2(e)

A small working group was established by ACSYS umAst 1998 for the purposes of
planning an Arctic hydrology model intercomparigwoject (WCRP 1999). The
resulting project, PILPS 2(e), was jointly sponsiooy ACSYS and GEWEX. It was
intended to evaluate the performance of land senfagdels in high latitudes (Bowling et
al. 2003). The project tested 21 land surface nsodéh respect to their ability to
represent snow accumulation and ablation, soikE#kaw and permafrost, and runoff
generation. PILPS 2(e) contributed to the goalsath GEWEX and ACSYS by
providing a test bed for model modifications anghiavements in representing high
latitude land processes, and by providing infororaabout the accuracy with which land
schemes can be used to estimate runoff from ungeargas draining to the Arctic

Ocean.

The PILPS 2(e) experiment used BALTEX data from38@00 km Torne-Kalix River
system (65.5°N-69.5°N) in northern Scandinaviaval@ate the performance of LSSs in
an off-line setting, meaning that prescribed ahesic conditions were used to drive
the LSSs and that there was no mechanism for reqason of feedbacks from the land
surface to the atmosphere. In the PILPS 2(e) exyeert, two sub-catchments of the
Torne—Kalix system were selected for free calilbratParameters were then transferred
to two validation catchments, and to the basinabale, using methods of the
participants’ choice. The purpose of the calibmagxperiment was to test the extent to

which calibration could improve the performancelef LSSs and the extent to which

17



parameter transfer from such calibrated catchmemsmprove the estimation of runoff
from similar, ungauged basirResults of the experiment indicated that those hsatiat
participated in a calibration experiment in whidiloration results were transferred from
small catchments to the basin at large had a sniadle in their daily streamflow

simulations than the group of models that did Baiwling et al. 2003).

Given the sparseness of observation sites in theetidalix River basin, the comparison
of simulated results with observations largely feetion snow (extent, accumulation,
and ablation) and streamflow (Nijssen et al., 2008 results showed that in general, all
21 models captured the broad dynamics of snowmeltranoff, but as shown in Fig. 9.5
and Fig. 9.6, there were large differences in saceumulation, ablation, and
streamflow. The greatest among-model differenceshergy and moisture fluxes
occurred during the spring snowmelt period, reffertifferent model parameterizations
of snow processes (e.g., fractional snow coveragedo, and land-surface roughness).
Nijssen et al. (2003) indicated that one importsmirce of among-model differences in
water and energy balances was the large differancgsulated snow sublimation,
many of which resulted from differences in snowfate roughness parameterizations.
The among-model differences in the phase and matgiaf the spring runoff were
primarily attributed to differences in snow accuatidn and melt as well as to
differences in meltwater partitioning between rdraofd infiltration. In a series of
experiments in the Torne-Kalix River basin using @HASM model, which can be
operated with different complexities of the landfaoe energy balance, Pitman et al.

(2003) demonstrated that the complexity of theesgntation of the land-surface energy
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balance could not explain the difference betweerPi.PS 2(e) model results, and
instead attributed differences to variations inltlgdrologic formulation incorporated in

the participating models.

Results of the PILPS 2(e) experiment led to impnoests in snow, frozen soil, and
runoff process formulations in some of the paratipg models. These improvements
were reported in part in a series of papers inGBApecial issue dslobal and Planetary
Change For instance, the Snow Atmosphere Soil TranSA&ST) land-surface scheme
had difficulty in the PILPS-2e experiments in aataly simulating the pattern and
amount of spring snow-melt runoff. As a resul, &i al. (2003) updated the subsurface
runoff parameterization of the SAST and obtainettielbénydrograph prediction. Habets
et al. (2003) describe the two-layer frozen sdilesue and the three-layer explicit snow
model used by ISBA in PILPS 2e, as well as a nalndgtusion scheme of ISBA. Tests
of ISBA using the PILPS 2(e) data showed that ¢ diffusion soil module performed
well in terms of both hydrology and soil temperatundicating a step forward in

parameterizing frozen soils in ISBA.

Bowling et al. (2003) and Nijssen et al. (2003)daded that the original ECMWF land
scheme greatly overestimated sublimation, and @stierated spring snow
accumulation, and hence snowmelt runoff. Van derktad Viterbo (2003) reported
improvements to the ECMWEF land surface scheme th taming and amount of runoff
in the Torne-Kalix River basin that resulted fropdates to the surface runoff scheme

and the reduction of surface roughness. The Mat©8urface Exchange Scheme
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(MOSES) produced excessive sublimation, and toly ead too small peak runoff in the
PILPS 2(e) simulations. Motivated by the PILPS 2ésults, Essery and Clark (2003)
improved the MOSES representations of snow prosaaseegetation canopies and snow
hydrology in the MOSES 2 land-surface model. Thelifimations improved runoff
simulations for two subcatchments used in the PIR@S experiment by reducing the

amount of snow lost through sublimation and delgyhre runoff of melt water.

PILPS 2(e) was used as a test site for evaluafiear@mus changes in the VIC model.
These include testing of a frozen soil/permafrégbthm (Cherkauer and Lettenmaier,
1999; Cherkauer et al. 2003) that represents fieetefof frozen soils on the surface
energy balance and runoff generation, a lake atthmd model (Bowling 2002) that
represents the effects of lakes and wetlands dacgimoisture and energy fluxes, and a
parameterization of the effects of spatial variapih soil freeze-thaw state and snow
distribution on moisture and energy fluxes (Chedgtaand Lettenmaier 2003). Although
the flow attenuation by lakes and peat bogs inTihime-Kalix basin appeared to be
significant, predicted hydrographs using VIC witle fakes and wetlands algorithm did
not differ much from those without lakes (Bowlingad 2003). Bowling et al. (2003)
also noted the apparent importance of sublimatigingd blowing-snow events in the
Torne-Kalix basin, which was not represented byrsion of VIC used in PILPS Phase
2(e). This finding motivated development of ancaihm that parameterizes the
topographically induced subgrid variability in wisgdeed, snow transport, and blowing-
snow sublimation. The algorithm was designed tokwathin the structure of the

existing VIC mass and energy balance snow moden(iBg et al. 2004). Subsequent
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testing on the Alaska North Slope demonstratedttiea/IC macroscale algorithm was
consistent with estimates from two different higiselution blowing-snow algorithms
(Liston and Sturm 1998; Essery et al. 1999) and Vintited observations at Barrow,

Alaska.

Most of those new cold updates to the LSSs wilunegfurther evaluation and validation
with more observations at an appropriate spatekesdhe impact of frozen soil and
blowing snow schemes on large scale simulationatémand energy terms (e.g., soil
moisture, runoff, and evaporation) is still notasleModels with frozen soil mostly
assume that the presence of frozen water limitratfon into the soil and changes the
soil thermal fluxes through the dependence oftbeitmal properties on soil water and
ice content. Therefore, in Cherkauer and Letteem@i999, 2003), for instance, the VIC
model tended to produce higher spring peak floveslawer winter baseflow when the
model was run with the frozen soil algorithm; hoeethe studies did not show apparent
improvements (based on Nash efficiency) in streeam8imulations at basin scales.
Results from PILPS 2(d), a previous cold regiorseexnent conducted at a grassland
site in Valdai, Russia indicated that models witheaplicit frozen soil scheme produced
better soil temperature simulations than thosemitla frozen soil scheme (Luo et al.,
2003). However, the difference in soil moistumaliations from models with or without
frozen soil physics was not clear in that experitnAn earlier study by Pitman et al.
(1999) found that including a representation of m& in land surface models degraded

runoff simulations in the Mackenzie River basirel&istudies in MAGS demonstrated
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that the infiltration is unlimited for organic maids even in permafrost areas (Woo and

Marsh, 2005).

Overall, the PILPS 2(e) experiment offered valuagportunities for the land surface
modeling community to identify problems in represgions of snow cover, frozen soil,
surface runoff, and other physical processes id mgions. It is worth noting that the 21
participating land surface schemes included LS&@s fmany well known coupled
models used for numerical weather and climate ptiedi. Furthermore, PILPS 2(e) was
the first experiment to adhere to the ALMA (Assista for Land Modeling Activities)
data input and output protocols (based on NetCbiig,result of which is that the
PILPS-2e data are available for future model tgstiwe are aware of one case in
particular where the PILPS-2e data were used tifteexperiment to test three
topography-based runoff schemes (Niu and Yang 20@3¢h did not exit at the time of

the original experiment.

9.6 FRESHWATER INFLOW TO THE ARCTIC OCEAN

The goal of ACSYS Hydrological Programme was teedatne the space-time
variability of the Arctic hydrological cycle anddHluxes of freshwater to the Arctic
Ocean. Numerous estimates have been made of gevitater inflow to the Arctic
Ocean based on available observed streamflow Babavée and Flegg 2000;
Shiklomanov et al. 2000; Grabs et al. 2000; Lamreeged. 2001; Dai and Trenberth
2002). About 30% of the total drainage area toAfaic is ungauged. Most of this area

is along the Arctic coast downstream of the fartigasiging station in the major rivers,
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and in the Canadian Archipelago. Most estimatdstaf discharge to the Arctic from
ungauged areas are based on the assumption tloét penunit area is equivalent for
gauged and ungauged areas within each basin. Agiplicof hydrologic models offers
one option for providing consistent estimationtod tlischarge of both gauged and

ungauged areas.

Although ACSYS ended in December 2003, the goa@kdflydrological Programme
continues to motivate macroscale hydrologic moegktbpments and applications over
the Arctic regions, and specifically to the problefrestimating total freshwater
discharge. Recently, the VIC model with the coltbiprocess updates described in
Section 5 was applied to the entire pan-Arctic domada 100 km EASE-Grid system, to
evaluate the representation of Arctic hydrologiogasses in the model, and to provide a
consistent baseline hydroclimatology for the redi®u et al. 2005). The model
simulations of key hydrologic processes for theqa of 1979 to 1999 were evaluated
using observed streamflow, snow cover extent, dzfteske freeze-up and break-up, and
permafrost active layer thickness. The pan-Arctairthge basin was partitioned into
twelve regions for model calibration and paramatansfer according to geographical
definitions and hydroclimatology. Twenty-seven wndual and sub-basins within
different regions were chosen for model calibratiod validation. Results indicated that
the VIC model was able to reproduce the seasombirt@rannual variations in
streamflow quite well (for 19 basins out of 27 ntdptNash efficiency exceeded 0.75,
and for 13 it exceeds 0.8). However, almost allzaseflow from January to April was

underestimated, which was mostly due to the nattitee frozen soil algorithm in the
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VIC model. Although the primary purpose of the papas to evaluate the ability of the
model to reproduce hydrologic features of the mAjatic river basins, an evaluation
was made of various estimates of freshwater digehtar the Arctic. In particular, the
discharge simulated with the VIC model was useektonate the total river inflow to the
Arctic Ocean based on the farthest downstreamtsutligh the outflows to the Arctic
Ocean in the 100 km river networks (Fig. 9.7). Ay&hr average river inflow (1979-
1999) to the Arctic Ocean from the AORB (Arctic @oeRiver Basin) illustrated in
Prowse and Flegg (2000), was estimated with the Mt@el as 3354 kityr, and 3596
km®/yr with the inclusion of the Canadian Archepelagoe relationship between the
inflow volume and contributing area resulting frearious data sources and VIC
simulations (Table 1) indicated that the VIC modek comparable to the previous
estimates derived from the observed data (Fig. ®)re striking, however, was that a
wide range of Arctic discharge estimates, whensdflifor differences in drainage areas,
were shown to be closely equivalent — i.e., moshefdifferences in reported estimates
of Arctic freshwater discharge can be attributeditferences in drainage areas used in

the individual studies.

9.7 CONCLUSIONS: WHAT DID THE ACSYS ACHIEVE?

During its ten-year history, ACSYS and related GEX\fifojects motivated a number of
advances in high latitude hydrological modelingtipalarly at large scales. The ACSYS
scientific strategy for hydrology, which includedagtation of macroscale hydrological

models developed in the framework of GEWEX to Ar¢high-latitude) climate
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conditions; and development of physical (conceptoaparametric mesoscale
hydrologic models for selected river catchment$iwithe Arctic region was
implemented more or less as envisaged in the ACEYEmentation Plan [WCRP,

1994]. The followings achievements can be attrid@aeleast in part to ACSYS:

1) Improvement of land surface models in termdefrtability to represent high latitude
hydrologic processes, including snow accumulatiah @blation, soil freeze/thaw and
permafrost, and runoff generation (specific exampielude the ISBA, ECMWF,
CLASS, and VIC LSMs, but there are almost certaother model improvements that
are less well documented). These model improvesngate motivated primarily by the

PILPS 2(e) experiment in Torne-Kalix River basin;

2) Intensive field measurement under the GEWEX MA(BS GAME-Siberia projects
promoted the development of improved process dlyos for snow accumulation,
redistribution, and ablation, and water infiltratimto frozen soil, and the development of

one-dimensional land surface models for cold regjion

3) The VIC model and the macroscale hydrologicatlel® developed under the MAGS,
BALTEX, and GAME-Siberia were used to simulate sieface water and energy
balance of high-latitude river basins, and (subsatito ACSYS) to estimate the

freshwater balance of the pan-arctic land domain.
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4) Riverine freshwater fluxes to the Arctic Oceavérbeen better estimated (and the
existing estimates shown to lie within reasonalgltterror bars) through use of

macroscale hydrological models;

What remains to be done in the post-ACSYS era?piemajor advances in high
latitude hydrological modeling during the ACSYS ,dteere remain important problems
in parameterization of cold land hydrological preses within climate and hydrology
models. Many of the key issues are identified @ 3tience Plan of the WCRP Climate
and Cryosphere (CIiC) project, which is the sucoes§ ACSYS [Allison et al, 2001].

These include:

1) The role of frozen soil moisture and blowingwrmarameterizations in the large-scale

simulation of runoff, temperature, and evaporato®not completely clear.

2) Existing wetlands and lake models in land s@feodels need to be further improved

and validated.

3) Many results from process investigations of siaow frost-related hydrological

processes remain to be incorporated into largeedoalrological models.

4) Continued development of hydrological models lmkhges between atmospheric and
hydrological models are needed in scientific staidiethe interactions between climate,

snow and frost hydrology.
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Figure Captions.

Fig. 9.1Atmospheric-hydrological coupled modeling stratégyMAGS.
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Fig. 9.2Monthly streamflow simulations over different Maoke subbasins with the
WATFLOOD (a) and WATCLASS (b). Black is measured gmay is simulated (after

Snelgrove et al. 2005).

Fig. 9.3(a) The Odra drainage basin overlaid by an eqaidisirid of 18 km mesh size.
The dots indicate locations of gauging stationsJ&ily observed (solid) and simulated
(dotted) streamflow at gauging stations Gubin {rivgsa Lucycka) and Gozdowice (river

Odra) for the time period 1992- 1993 (from Mengeikeet al., 2001).

Fig. 9.4Monthly averages (in m3 s-1) of freshwater flonoitthe major subbasins of the
Baltic Sea, calculated with the HBV model using @eblogical input data. Note that

major contributions are available during the metseason (Raschke et al., 2001).

Fig. 9.50bserved (dots) and simulated (lines) snow wateivatent for five locations

during the first part of 1995 (no observations warailable for cells 4 and 5) (from

Nijssen et al. 2003).

Fig. 9.6Mean monthly observed (dots) and simulated (lidks)harge for the Kalix and

Torne river basins (from Nijssen et al. 2003).

Fig. 9.7Digital river networks for the pan-Arctic drainagasins at the 100 km

resolution, showing the watershed boundaries oKthigma, Lena, Yukon, Yenisei, Ob,
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Mackenzie, and Nelson. Dots represent 200 thedstithownstream outlets with the

outflows to the Arctic Ocean based on the rivemoeks (from Su et al., 2005).

Fig. 9.8Basin area-annual flow volume relationship for&iéint estimations in Table 1
(from Su et al. 2005).
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Table 9. 1Estimates of Annual Continental Freshwater IntoAhetic Ocean (after Su et

al. 2005).

Basin Definition

Contribution Area Volume

“Arctic Ocean River Basin” in Prowse et al.[2000]

“All Arctic Regions” in Shiklomanov et al.[2000]

“Arctic Ocean Basin” in Shiklomanov er al.[2000]

“Arctic Climate System” in Grabs et al.[2060]

AORB - Northern Greenland + Arctic Archipelago in

[Lammers et al.2001]

The largest Arctic Rivers in Dai and Trenberth [2D0

AORB —without Arctic Archipelago, VIC1
AORB - with Arctic Archipelago, VIC2

(x1000 kn) (kmdyry  perods
11045/15504  2338/3299 1975-1984
895 4300 1921-1996
= 5250 1921-1996

12868/18147  2603/3671
16192 3302 1960-1989
16850 3658
15017 3354  979-1999
16397 3506 B1999

®The first area is the gauged area; the secondsatka total contributing area in the
definition; the second volume is the extrapolateer the total area.
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Fig. 9.1 Atmospheric-hydrological coupled modeling stratégyMAGS (after Soulis et
al. 2005).
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Fig. 9.2 Monthly streamflow (rffs) simulations over different Mackenzie subbasiita
WATFLOOD (a) and WATCLASS (b). Black is measured gmnay is simulated (from
Snelgrove et al., 2005).
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Fig. 9.3 (a) The Odra drainage basin overlaid by an equaidisyrid of 18 km mesh size.
The dots indicate locations of gauging stationsJ&ily observed (solid) and simulated
(dotted) streamflow at gauging stations Gubin (rivgsa Lucycka) and Gozdowice (river
Odra) for the time period 1992- 1993 (from Mengeikeet al. 2001).
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Fig. 9.4Monthly averages (in ¥rs") of freshwater flow into the major subbasins @ th
Baltic Sea, calculated with the HBV model using @eblogical input data. Note that
major contributions are available during the meltseason (Raschke et al., 2001).
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o Coll 1{24,625E 65,625N)
o Cell 2 (24.375E 66.625N)
- — o Cell 3 {23.875E 66.375N)
————— Cell 4 (20.875E 69.125N)
——  Cel 5 (18.875E 68.375N)

Fig. 9.50bserved (dots) and simulated (lines) snow wateivetent for five locations
during the first part of 1995 (no observations warailable for cells 4 and 5) (from

Nijssen et al. 2003).

47



Fig. 9.6 Mean monthly observed (dots) and simulated (licks)harge for the Kalix and

Torne river basins (from Nijssen et al. 2003).
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Fig. 9.7Digital river networks for the pan-Arctic drainagasins at the 100 km
resolution, showing the watershed boundaries oKthigma, Lena, Yukon, Yenisei, Ob,
Mackenzie, and Nelson. Dots represent 200 thedaritiownstream outlets with the
outflows to the Arctic Ocean based on the rivemoeks (from Su et al., 2005).
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Fig. 9.8Basin area-annual flow volume relationship for&iéint estimations in Table 1
(from Su et al. 2005). VIC2 and VICL1 indicate tlstimates with and withouArctic
Archipelago, respectively.
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