1 Resultsfrom prior NSF support

Key Connectionsin Arctic Aquatic Landscapes (NSF OPP-9615949, 1996-1999, $1,962,905, PIs are
J. Hobbie, A. Giblin, L. Deegan, and B. Peterson at the Ecosystems Center, Woods Hole):

The goal of this study is to understand the important connections that occur among different parts of
the arctic aguatic ecosystem including those from uplands to the riparian zone, from the riparian zone to
the surface waters, from the streans to lakes, and from the lakes to their outlets. As a subcontractor on
this project Stieglitz ($75,0®) is responsible for: (1) producing a wmputationally efficient, physicaly
based hydrology model that is effedive in arctic environments and is cgpable of simulating the flow of
water from the hillslope to the river network; (2) incorporating biological processes into the mode frame-
work so asto predict the fluxes of CO, and CH,4 between the terrestrial landscape and the atmosphere, and
the transport of dissolved arganic carbon (DOC) and nurients to the rivers; and (3) scaling the model re-
sultsto large basins. Research has focused onsimulating the hydrology, growth and ablation d the snow-
pad, and the evolution of the soil active layer at the Imnavait Creek watershed (2.2 km?), located in the
Upper Kuparuk Basin of northern Alaska. To date one paper has been acepted to Journa of Gepophysi-
cd Reviews [Stieglitzet al., 199%] one paper isin revision at Globa Biogeochemica Cycles [Sieglitz et
al., in review], one paper isin preparation [Stieglitz et al., in preparation], and three presentationshave
been given at AGU [Sieglitz and Giblin, 1997; Stieglitz et al., 1998 Sieglitz et al., 1999a] on topics
ranging from simple hydrologic validations at the watershed scale, to exploration d the feedbadks be-
tween soil moisture evolution and the microbial decompasition o soil organic matter, to climate change
experiments.

Validation of Land Surface Hydrology Parameterizations for Climate Models (NSF
9318896, EF Wood, PI):

Thiswork is relevant to the proposed research in that the goals of the former award was to determine
the relative performance of land surface hydrology representations (models) appropriate for maaoscale
hydrologic modeling. The performance was assessed in terms of their ability, to charaderize 1) energy
fluxes at the land surface, including latent and sensible heat, outgoing short- and long-wave radiation, and
ground teat, and 2) the surface water budget, including soil moisture, infiltration, and runoff production.
The comparisons were caried out within the mntext of the Project for Intercomparison of Landsurface
Parameterization Schemes (PILPS. PILPSis gonsored by the WMO Committee on Atmospheric Sci-
ences Working Group onNumerical Experimentation and the Science Panel of the GEWEX Continental -
scde International Project.

The first phase of the project was to evaluate the VIC-2L land-surface hydrologicd model within the
PILPSexperiments. This evaluation and intercomparison within PILPS all owed for systematic testing of
the model [Chen et al., 199; Liang et al., 1996a; Pitman et al., 199] and indicated areas for improved
parameterizations of specific hydrologica processes [Liang et al., 1996@o; Liang et al., 1998; Peters-
Lidard et al., 199§.

During the second hase of the project, a PILPSintercomparison experiment was conducted [Wood et
al., 198] based on 10 years of hourly data for 61 1x1 degree simulation grids representing the Red-
Arkansas River basins in the southern great plains region d the United States. This experiment was the
first PILPS intercomparison experiment using multiple yeas of observed meteorological data. Sixteen
land surface hydrologicd models participated and detailed intercomparisons were carried out to evaluate
the ability of the models to predict land-surfacefluxes of water and energy at the scale of global atmos-
pheric models[Liang et al., 198B; Lohmann et al., 19%8Ba; Wood et al., 199§].



2 Reevant Arctic Programs

21  ARCSS, LAII, Flux Study

The goa of the U.S. Arctic System Science (ARCSS Program is two-fold: (1) to understand the
physicd, biological, and social processes of the arctic system that interact with the total Earth system and
thus contribute to or are influenced by global change, in order to (2) advance the scientific basis for pre-
dicting environmental change on a decades-to-centuries time scale and for formulating palicy options in
response to the anticipated impaa of changing climate on humans and socia systems. One of the three
comporents of the ARCSS was Land/Atmosphere/lce/Interadions or LAII. Within LAII, four research
areas were dhosen for initial emphasis: (1) arctic feadbadk processes that may amplify global climate
change; (2) changes in arctic hydrological and biogeochemicd systems; (3) changes in biotic communi-
ties; and (4) regional and global effects of all these dhanges (the ARCC and LAII goals are summarized
from [ARCUS, 1993.

The LAIl Flux Study addressed some of these research areas. Its primary componrents were; (1) meas-
urements of fluxes of trace gases, water and energy between the arctic terrestrial ecosystem and the &-
mosphere, and d the transport of water and materials to the ocean, (2) determination of the primary con-
trols on the fluxes, and (3) scaling and synthesis to the regional scae [LAII-SMO, 199]. Twelve individ-
ua projects made up the flux study and were focused on the Kuparuk River basin as the study site. The
longterm goals were to make predictions of fluxes for the entire Arctic, based upon measurement tedh-
niques and models developed. The goals of "Key Conredions in Arctic Aquatic Landscgpes' are entirely
complimentary with the Flux Study.

2.2 Scaling up from small watersheds: ATLAS

A receantly funded LAII program is “Arctic Transitions in the Land-Atmosphere System” (ATLAYS).
The overal goal of this program is “to determine the geographicd patterns and cortrols over cli mate-land
surface e&change (mass and energy) and to develop reasonable scenarios for future climate
change.” (ATLAS web site) Currently over a dozen projeds are being funded, encompassing both field
research and modeling studies. The initial focus will concentrate on the North Slope Western Transect that
includes Barrow, Atquasuk, Oumalik, and Ivotuk. Data ollected by the various groups will include wa-
ter, energy, and trace gas fluxes between the terrestrial landscape and the atmosphere, hydro-
meteorological measurements, ground temperatures and soil moisture status, soil respiration, etc. The
modeling studies, which will make use of data allected in the field projects, include permafrost models,
the ARCSyM regional climate model [Lynch et al., 19%)], and a suite of ecosystem models sich as GEM
[Rastetter et al., 1991], TEM [Raich et al., 191], CENTURY [Parton et al., 1987], and SPA [Williams et
al., 196]. However, a major gap in this program that is gecificaly identified is hydrology. As dated in
the ATLAS implementation daument [ATLAS, 1998], “Many of the relevant parameters are to be mess-
ured at the magjor tower sites. However, there is currently no basis for estimating these parametersin a
spatialy distributed fashion or in projecting these parameters into the future based on reasonable scenarios
of climatic change. We need a project in meteorology and hydrology that focuses on spatial and temporal
patterns of climate and soil moisture, and considers the relationship between these parameters and energy
exchange and runoff". The planning document goes onto “... recommend that ancther projed be added
to focus on scaling of hydrology to the regional scale. This would make use of all the meteorology and
soil moisture information from the field researcch but would aggregate this information to produce sub-grid
scde fluxes and lateral transport at scales necessary for climate prediction.” A field study specificdly
aimed at determining the spatia distribution of soil moisture is currently funded (Hinzman, Goering,
Kane).

We propase here to fill this modeling gap in hydrology by making use of this hydro-meterologicd data
being collected in the field. We will use, as our starting point the catchment based LSM that is currently
being developed by the NASA NSIPPgroup. Ultimately, thiswill lead to an improved seasonal and inter-

C-2



annual variability in climate simulations through a better representation of sub-grid scale land-atmosphere
water and energy fluxes. The goproach is computationally efficient, physicdly based, and can be scaled to
large watersheds. As amember of the NASA collaboration Stieglitz will translate this modeling approach
to arctic regions using lessons learned from the Arctic project "Key Conrections in Arctic Aquatic Land-
scapes’ in the modeling of freeze-thaw processes, snow physics, and arctic hydrol ogic processes.

3 Background

The arctic climate system responds to external forcing from low latitudes but is also driven by its own
set of complex internal modes and feadbadks. Because these internal feedbadks are highly nortlinear, the
Arcticisthought to be very sensitive to climate change. For example, with its high albedo and large ared
extent, snow cover on land can have @nsiderable influence onregiona and remispheric conditions. Fur-
thermore, since the snowpadk is thermally insulating, and limits the otherwise efficient heat exchange
between the ground and the atmosphere, it controls the evolution of seasonal ground temperatures. In
turn, this thermal control over the evolution of the hydrologically adive soil depths plays a large role in
determining the magnitude and timing of spring melt water delivered to the Arctic Ocean, which impads
stahility to the surface layer, and affects ocean circulation and seasonal seaice formation. Finaly, urtil
the soil active layer deepen into mineral soils, much o the water soil flows through a narrow zone in con-
tact with plant roots and soil organic matter, this having a direct influence on CO, and CH, fluxes, both
greenhouse gasses. Hence, any long term forecast in a fully coupled climate system is dependent on an
acasrate smulation d the land snow-covered areg snow water equivalent, and permafrost dynamics.

Despite the acknowledged role that the arctic system plays in regulating the planetary climate, most
land surface models intended for use in exploring the aove mentioned feadbadks (i.e., coupled with at-
mospheric drculation models, ocean, and sea ice models) are inadequate. Originaly designed for mid-
latitudes, most do ot adequately represent either snow physics or permafrost dynamics. Furthermore, no
model to date includes the role that topography plays in the development of soil moisture heterogeneity
and the critical, perhaps overwhelming, impad of this heterogeneity on surface energy, water, and trace
gas fluxes. Our objective isto correct these deficiencies.

Given the constraint that we wish to work with a Land SurfaceModel (LSM) that is computationally
efficient, can operate at large spatial and at high latitudes, and eventually, be fully coupled within a GCM,
the are number of models avail able [Abramopoulos et al., 1988; Dickinson et al., 199; Koster and Milly,
1997 Koster and Suarez, 1996; Koster and Suarez, 1992a; Pitman and Desborough, 1996; Verseghy,
19949. However, if we do not wish to ignore the role topography plays in the development of soil mois-
ture heterogeneity and the impads that this heterogeneity has on surface water and energy fluxes, our op-
tions are limited. We can either accourt for the topagraphic cortrol over surface hydrology by explicitly
modeli ng the movement of water from the hilldopes to the valleys, which is computationally expensive at
even small spatial scales, or the impads of topography can be modeled with quasi-statistical techniques,
such as those offered by TOPMODEL [Beven and Kirkby, 1979; Svapalan et al., 1987] or VIC [Liang et
al., 1994] formulations. Both TOPMODEL and VIC formulations have now been used in conjunction
with sophisticated LSMs to successfully simulate the growth/ablation d the seasonal snowpad, perma-
frost dynamics, and snowmelt and storm discharge at scales ranging from small catchments to major river
basins covering baoth the actic and borea ecosystems. Modeling results have been dotained for small
arctic catchments [Stieglitz et al., 1999%], large actic basins including the Madkenzie [Bowling and Let-
tenmaier, in press; Pauwels et al., 199], and the BOREAS boreal arearanging from tower scales [Nijssen
et al., 197; Pauwels and Wood, 199%; Pauwels and Wood, 1999)] to regional scades [Pauwels, 1999.
Further, this type of modeling approach provides a significant conceptua improvement over current,
GCM soail column models, as demonstrated by comparing site and simulated discharge [Betts and Viterbo,
200Q Pauwels, 199; Stieglitzet al., 1997].



The proposed work described here will begin with the land surface model currently under development
by the NASA NSIPP program. This catchment-based LSM was developed to overcome a citical defi-
ciency in standard General Circulation Model (GCM) based LSMs, namely, the neglect of an explicit
treatment for spatial variability in soil moisture. From the outset this work has been a mllaborative eff ort
between NASA’s Goddard Ingtitute for Space Studies (GISS, Lamont Doherty Earth Observatory
(LDEO: Marc Stieglitz, Colin Stark) and Goddard Space Flight Center (GSFC: Randy Koster, Max Su-
arez, Agnes Ducharne, and Praveen Kumar). Using this model presents numerous advantages to bah
NASA and NSFOPP. (1) Leveraging off existing work avoids expensive duplicaion o effort. (2) Be-
cause the gproach uses the dtatistics of the topagraphy (via TOPMODEL formulations) rather than the
details of the topography, it is computationally efficient and numericaly tradable & the large spatial
scdes of today’s regiona and gobal climate models. (3) The limited validation performed to date indi-
caes that the NASA LSM will be dfective in regions with permafrost [Stieglitz et al., 199%] and signifi-
cant snow cover (seeFigure 3, [Stieglitzet al., in preparation]. (4) In depth validation in arctic regions-will
provide NASA with invaluable insights into the behavior of the model in a region that otherwise would
receive only a arsory validation.

Figure 1:Northern Alaska including Kuparuk
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4 Goalsand Objectives

Research programs focused onunderstanding the physical climate of high latitude regions, and onpre-
dicting environmental change for these regions require a sound hesis for predicting the terrestrial water
and energy budgets acdossa range of spatial and temporal scales. Unresolved is a dear understanding of
the small scale processes and features (e.g. topagraphy, vegetation, soils) that must be included in such
terrestrial hydrologic models, including the importance of these small-scde features for different seasons
and the resulting errors if omitted. Thus, the research will develop an integrated program that combines
field measurements, remote sensing observations and a terrestrial water-energy balance model with the
objectives:

(i) To further our understanding of the relationship between the arctic emsystem and the physical cli-
mate system, with particular attention on wnderstanding spatial and temporal variability in water
and energy fluxes.

(i) To study approaches for scaing processes to arctic catchments and regional scales from relation-
ships developed at the tower-scde through pdnt measurements. Scaling to the basin scale will be
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through remote sensing and modeling of the water and energy fluxes (i.e., comparing model gener-
ated discharge into the Arctic Ocean with measured fluxes).

(iii ) To identify the aitical land-atmosphere interaction processes that need to be represented in mod-
eling the arctic emsystem at large scales and to determine the degreeto which small-scade variabil-
ity needs to be represented.

Initially we will focus on the Kuparuk Basin, located in the North Slope of Alaska (shown in Figure 1;
Donald Walker, http://www.Colorado Edu/INSTAAR/TEAML/atlas/chapters/geoba.html).  We will
force the LSM with historicd climate data wvering this basin and validate model-generated discharge,
snow extent, snow depth, and snow water equivalent aaoss arange of spatial scales.

5 Modding of theLand Surface

5.1 A Catchment Based Approach
To put the proposed work in perspective, we present in this sction the relevant accompli shments of

the ongoing NASA NSIPP project and emphasize how these accompli shments can serve & the basis for
new, valuable work.

Our catchment-based land surfacemodel (LSM) was developed to avercome a citical deficiency in
standard GCM-based LSMs, namely, the neglect of an explicit treatment for spatia variability in soil
moisture. Standard LSMs employ a one-dimensional treatment of subsurface moisture transport and sur-
facemoisture and energy fluxes that effectively assumes homogeneous il moisture conditions aaoss
areas ganning hundeds of kilometers. Much recent development work by various groups has focused on
improving the 1-D representation itself, incorporating, for example, improved treaments of transpiration
resistance and even carbon hudget models into the evaporation calculation. Relatively little dtention has
been given to the spatial heterogeneity issue. Thisis unfortunate given that this heterogeneity can have a
strong, even daminating, impad on surface energy and water budgets.

Our strategy [Ducharne et al., 1998 Koster et al., in review] cdls for the partitioning of the land
surfaceinto a mosaic of hydrologic catchments, delineaed through anaysis of surface devation chta.
When coupled to an atmosphere model, the effedive "grid" used for the land surfaceis not specified by
the overlying atmospheric grid. Within eadh catchment, the variability of soil moisture is related to
charaderistics of the topography and to three bulk soil moisture variables through a TOPM ODEL-type
formulation of catchment processes. Care is taken, havever, to ensure that the deficiencies of the
catchment model in regions of little to moderate topography are minimized. Many of the ideas underlying
the strategy have been developed over a number of yeas by the Co-Pl Woodand Hs students [Famiglietti
and Wood, 1991 Pauwels and Wood, 199%; Peters-Lidard et al., 1997] and ahers [Bowling and
Lettenmaier, in press; Nijssen et al., 1997; Stieglitzet al., 1997].

TOPMODEL formulations permit for dynamicdly consistent calculations of both the partia contrib-
uting areg and the baseflow which supports this area, from knowledge of the mean depth of the water ta-
ble and a probability density function (pdf) of the soil moisture wetnessindex, x, derived from topography
digital elevation model (DEM) data. At any location, x, within the watershed, the wetnessindex, x, de-
fined to be In(a/tanB)x, istheratio of the area a, above ay point on the catchment that drains to the point
x (ameasure of how much water can pdentialy flow through this location) to the local dope at that point,
tan 3, (ameasure of the potentia driving water downslope through this location). As such, regions with a
high topagraphic wetnessindex, along valley bottoms and flatter areas, are regions of convergent flow, a
high water table, and in sum, constitute the bulk of the saturated fradion of the watershed. Regionswith a
low index, nea the top d hills, are characterized by a suppressed water table, and are primary recharge
Zones.



A particularly unique asped of our catchment model is the separation d the catchment into three
subareas, each representing a distinct hydrologica regime: one in which the surface is saturated, ore in
which the surface is unsaturated but transpiration proceeds without water stress, and one in which transpi-
ration is dressed. Because these subareas are tied to the dynamicdly varying moisture variables in the
cachment, their sizes vary with time. Key to the modeling strategy is the gplication of different formu-
lations of evaporation and runoff in ead subareato reflect the fundamentally different physica meda
nisms controlling these fluxes in
the three regions. This is a far (@) 120 (b)
more physicdly consistent ap-
proach than is possible with tra-
ditiona one-dimensional LSMs.

The catchment model has
some aditiond  comporents
worthy of mention. A detailed
snow model is now incorporated 0
into the code; this multi-layer J
model acmounts for the coexis-
tence of liquid and solid pheses,
changes in snow density due to
melting, refreezing, compadion,
density-dependent albedo, and
other important processes [Lynch-
Sieglitz, 199%; Sieglitz et al., in
preparation]. Ground thermody-
namics are mmputed through a
multi-level hea diffusion cacu-
lation. Transpiration and aher
surface @ergy balance cacula <
tions proceed using established g,
and tested code from a standard B
TSVAT-type" vegetation model 7 Ve A A | ot . -
[Koster and Suarez, 1996, Koster 8 g 82 83 84 8 8
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Figure 2: Comparison d simulated and doserved fluxes for the
Red Arkansas for the mean seasonal cyclesfor (a) evapo-
trangipiration rates and (b) total rundf (mnvday); monthly ratios
of (¢) runoff to precipitation and (d) latent heat flux to net
radiation (-)

identified moisture regimes, and
ead regime maintains its own prognastic temperature.

The new catchment based model has been tested dffline in two venues --- over the Red-Arkansas basin,
using forcing established for the PILPS 2c intercomparison study [Wood et al., 1998, and over North
America as a whale, using forcing from the ISLSCP Initiative 1 CD-ROM [Sdllers et al., 1996]. The
cachment bourdaries and topographi c-based model parameter values were derived from the processing of
GTOPO30 (1-km) DEM data; some 5000catchments cover North America, with 126 making up the Red-
Arkansas basin.



Results for the Red-Arkansas are presented in Figure 2 [Ducharne et al., in review], which shows how
model-simulated rundf and evaporation compare with olserved values. (The evaporation " observa
tions" were derived from atmospheric water budget calculations.) The areement between simulated re-
sults and observations is ®en to be quite high, especidly given that the observations, while reliable, are
asciated with some eror. We must emphasize here that the Red-Arkansas dataset was used in the de-
velopment of the model itself, so that some of the agreeament seen in Figure 2 refleds a cdibration d the
model physics. This cdibration was esentially limited, havever, to the treatment of surface rundf gen-
eration over unsaturated soil and cannat by itself explain the general agreement in both the mean and vari-
ability of the simulated fluxes. Our main point here is that this model framework is capable of reproduc-
ing observed evaporation and runoff rates over large spatial scaes. Note that because different cach-
ments below a single amaospheric grid cell exhibit diff erent, topography-dependent behavior, this model-
ing framework may be particularly valuable for downscaling applications.

5.2 Snow and permafrost dynamics

While sophisticated multi-layer snow models have been developed and successfully applied at the locd
scde [Davis et al., 19%; Hardy et al., 1998; Jordan, 1995], the treatment of snow processes, espedally
those used within GCMs, have been relatively simple. Some models consider the winter snow pad only
as astore of soil moisture [Abramopoulos et al., 1988; Bonan, 1996, Koster and Suarez, 1996, while oth-
ers blur the distinction between the snow and the

ground surface atogether by envisioning a wmposite 160 J.NOV_| DEC | JAN | FEB | MAR | APR | MAY
soil and snow layer [Dickinson et al., 199; Pitman et 140 3 Snow depth .

al., 1991]. Still others do distinguish between separate ol »

snow and ground layers, yet represent the etire padk §  so -

with a single snow layer regardiessof the adual pack ~ € 3 =

depth [Jater et al., 198]. However, most of these o

simple schemes have nsiderable flaws. Lynch- 0 Frrrrrpbrrrrr e RaRS T T T
Stieglitz [1994] demonstrated that an insufficient rep- °© % & 0 120 150 180 210
resentation of snow processs can lead to a corruption

of surface energy fluxes and a degradation d the snow *0 Tater equiv.snow deptn

insulation ketween the ald atmosphere and the warm 30 3
ground ultimately impading the seasonal develop- ]
ment of ground freeze-thaw processes, and compro-
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20 -

mising the normal hydrologic processes of runoff, 10—2
ground water movement, infiltration, etc., for a good g Y o R
part of the year. Further, Betts et al. [1998] have re- 0O 3 60 S0 120 150 180 210

cently shown that an insufficient representation o
snow processes at high latitudes leals directly to a 500
poa evolution d the amospheric boundary layer in
wedher forecasting models.

Recantly, sophisticated snow physics have been in-

(kg/m3)
[
3
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cluded in LSMs and demonstrate a clear improvement 200

in the overal simulation d the hydrologic cycle, in- S N
cluding gound freeze - thaw processes [Loth and o 30 8 90 420 15 180 210
Graf, 198a; Loth and Graf, 1998k Loth et al., 1993 days since Nov. 1, 1970

Lynch-Stieglitz, 1994 Sieglitz and Giblin, 1997, Figure 3: Model-predicted snow depth, water
Sieglitz et al., 199%; Yang et al., 1997]. Typicaly, equivalent snow depth, and snow pad density for
these multi-layer snow schemes explicitly model the the 1970/71 snow season (solid line) and observed
hea and mass (water) transport within the pack. Ra snow charaderistics at the NOAA-ARS snow
diation conditions determine the surface energy fluxes, reseach station (stars).

and the heat flow within the pad is accomplished via
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linea diffusion along the thermal gradient. Meltwater Ohsarvations MNew bodsl
generated within a given layer can drain to a lower 1 T : :
layer, where it will refreeze, remain in the layer in
the liquid state, or passthrough.

As mentioned ealier, we employ the snow model
of Lynch Stieglitz et al. [1994 coupled to the global
cachment-based LSM of the NASA NSIPP project.
This threelayer snow model accounts for snow
melting and refreezing, dynamic changes in snow
density, snow insulating properties, and ather physics
relevant to the growth and ablation of the snowpack.
As the boundaries of the snowpadk move up and
down unde the influence of snowfall, medanicd
and wet compadion, condensation, etc., three vari-
ables are needed to completely describe the system;
layer thickness (Z), water equivalent (W), and heat
content (H;). The wupling to the catchment frame-
work, however, necessitated some modifications to
the origina scheme [Stieglitz et al., in preparation].
In particular, we now ensure a smocth transition ke
tween snow-free and snow-covered conditions in or-
der to capture the gradual growth of a snowpadk's
spatial extent and to avoid abrupt (discontinuaus)
changes in the surface energy balance calculations.
The approach used is straightforward. We assume a
minimum locd snow water equivalent, SAVE, of 13
mm, a value that alows the resolution d the diurnd
surfacetemperature signal yet still produces a stable
solution with a 20-minute timestep. If a given vol-
ume of snow falls on a snow-free catchment, that
volume is gread wiiformly over a fraction of the
cachment so that the local water equivalent at any
snow-covered padnt is 13 mm. Thus, if the snow fal-
ling on a snow-free catchment during a timestep has
atotal water equivalent volume, V,, and if the areaof
the catchment is A, then the snow-covered areal frac-
tion, AJA, is taken to be V/(A*SWNE). The snow-
covered area fraction increases as more snow falls
until AJA reades 1, at which time the loca snow
water equivalents acrossthe catchment start increas-  Figure 4: spatial snow cover for the 19871988
ing uniformly. When the fractional coverage is less  snow season.
than one, the snow model is represented with a single
snow layer, whereas three model layers are used when the snow coverage is complete [Lynch-Stieglitz,
1994. The transition between the single layer and threelayer representations involves a simple mnserva
tive redistribution of layer heat and water contents. Surface energy caculations are performed separately
over the snow free and snow covered areas.

To simulate ground freeze-thaw processes a multi-layer ground schemes is used in which heat
transport is physically modeled via diffusion along the thermal gradient [Abramopoulos et al., 1983; Bo-
nan, 19%; Sieglitz et al., 1997]. The scheme has been tested for seasonal evolution of groundtempera

T
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tures in regions ranging from New England [Lynch-Sieglitz, 1994], to the Arctic [Stieglitz et al., 199%)],
where permafrost dynamics plays alarge role in the seasonal hydrologic cycle.

Results at the Slegers River watershed (8.4 km?), located in the highlands of Vermont, demon-
strate that al the features of snowpack ripening that charaderize padk growth/ablation are well simulated
(Figure 3) [Lynch-Stieglitz, 199].

At the Basin scale we aan evaluate the aility of the couped catchment-snow model to simulate spatial
coverage of snow, aswell as snow amounts, over large aeas. To this end, ISL SCP data was used to drive
the model over North America for the period 1987 - 1988 and the Northern Hemisphere EASE-Grid
Weekly Snow Cover data set was used to evaluate simulated snow coverage. This succesul larger-scde
application d the model at over the 5000cachments comprising North America(Figure 4, [Stieglitzet al.,
in preparation]) suggests that the global application of the model is within reach, and more spedfically,
applicationto the actic will be successful.

6 Detailed Work Plan

The successful smulation d hydrologic and thermal processes using a land surface model has svera
requirements. These requirements are:

1. A high quality model of the land surface processes for forecasting of the LSM system states (ie. sail
moisture, soil temperature, Snow cover, etc.).

2. Observations of the land surface forcing (meteorological data) for driving the forecast of land sur-
facesystem states when the LSM is running off-line.

3. An appropriate spin-up strategy for initidizing the LSM system states.

Remotely sensed snow observation products, as well as ground olservations, for validating the
LSM hindcast simulation d snow cover, snow depth and snow water equival ent.

5. River discharge measurements, at a variety of scales for validating the LSM hindcast simulation of
cachement outflow, and flow routing.

We will first outline our proposed approach and then detail the spedficsin turn.

6.1 Proposed Approach

In this approadh the LSM is important for establishing the relationship between snow, soil moisture,
soil temperature, the energy and water budget. In order to run the model (off-line from a generd circula-
tion model), high quality meteorological data ae required for forcing of the model. In addition to high
quality forcing data, the model forecast is dependent on the initial state values given to the LSM. As the
LSM states (other than snow which can be observed via remote sensing), the LSM must be spun-up to
redistic initial state values prior to commencing the hindcast smulation. Hence, errors in the land surface
initialization, forcing data and LSM physics al contribute to some earors in the forecast land surface
states. However, asthe forcing data sets are long enowgh (30 - 40 yeas), this problem shoud be miti gated
asthe run proceeds.

»

6.2 LSM Application to arctic regions

6.2.1 Show Model Development
Here we focus on thase snow processes operating at the small catchment scale which have adired im-
pad on aur large Kuparuk basin scde simulations.

Stieglitz et a (1999) has demonstrated that this TOPMODEL based modeli ng approach can be used to
successfully simulate the evolution d hydrologic and thermal processes operating in the North Slope of
Alaska. Meteorological and hydrological data taken at Imnavait Creek from May 1991 through October
1993 (Hinzman and Kane) were used to force the land surfacemodel. Figure 5-7 shows monthly averages
of various watershsed water balance mmporents for the period June 1991through September 1993. With

C-9



freezing of the soil column beginning in early fal, soil moisture does nat change significantly until the
onset of spring melt. Asthe pack ablatesin late May and early June, melt waters infiltrate the still frozen
ground. The soil is recharged and the mean water table depth rises from the previous simmer value nearly
to the surface The associated partial contributing area increases from 20% to almost 40% (in good
agreement with McNamara & al. [1997]. Surface rundf generated over the rapidly expanding saturated
regions quickly enters the stream system. As the soil active layer deepens in the summer, evapotranspira-
tion (and the latent heat flux) begins to increase, peaks in July and August, and falls rapidly as the snow
season approaches. Finally, annual precipitation is partitioned 47®6 into rundf and 53% into evapotran-
spiration; the partitioning measured in the longterm field record. Modeled ground temperatures are in

good agreement with mess
urements.

While the overall smula-
tions of discharge is adequate
(Figure 4), even at these small
spatial scales siow heteroge-
neity significantly impads the
timing and quantity of snow-
melt related discharge and
poses a obstacle towards ap-
plicaion on an arctic wide
basis. Because the gspatial
distribution d snow cover is
not represented in the model
framework, modeled snow-
melt consistently leads site
data by five to ten days. With
high winds and low vegetation
height, snow in this region d
the Arctic tends to bow into
and accumulate in valleys
[Kane et al., 19971 Liston,
1986 Liston and Sturm,
1998. As such, it takes
longer to melt a snowpadk
whose depth is substantially
increased over a reduced area
compared to a pack that is uni-
formly distributed over the
landscgpe. Further, as pointed
out by Hinzman et a. [199],
where the snowpad is thick
and dense on the valley floor,
it functions as a dam and
hods bad the water until the
bondng strength of the snow
is overcome. As an orgoing
part of this effort we will im-
prove the models representa-
tion d sub-grid scae snow
heterogeneity. To account for
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the effeds that wind, vegetation, and topagraphy have on the distribution o snow cover, we will adapt the
work of Liston and Sturm [1999 to our modeling framework. While their spatially explicit model is not
directly compatible with the statistical treatment of topagraphy presented here, the empirical equations
governing wind blown snow can be used to treat snow distribution in much the same way we airrently
treat soil moisture heterogeneity; through a statistical representation in which valleys are regions of snow
acaimulation and yplands are regions of snow ablation. Hartman et a. [1999 has recently applied such a
procedure, albeit without explicitly including for the eff ects of wind blown snow, and had successin im-
proving snowmelt discharge. In this respect TOPMODEL formulations provide aclear advantage over
more parameterized hydrologic models such as VIC in that the TOPMODEL pdf does retain guesi-explicit
information about the landscape topography.

Finally, we may find that gradients in elevation are having an impad on snow heterogeneity. If so, a
temperature lapse rate will be used aong with binned elevation bands to distribute snow cover and snow
melt throughou the landscgpe [Bowling and Lettenmaier, 1998; Hartman et al., 199)].

6.2.2 Catchment Ddlineation

Prior to any water and en-
ergy balance simulations, two
steps of data preprocessng must
be performed; catchment de-
lineaion and the calculation of
the pdf of the TOPMODEL
wetness index, X, for eadh
cachment.

The NSIPP-LSM projed
currently uses the 1km resolu-
tion GTOPO30/HYDRO1k data
to calculate catchement wetness
indices. However, as demon-
strated during the course of the
NSIPP work and Ly others
[Wolock, 1998], 1km resolution
data is insufficient to cepture
hilldope processes. Systematic
recaibration of topographic
index pdfs are therefore re-
quired for the reliable estima-
tion & TOPMODEL parame-
ters. However, throughou the
North Slope of Alaska, high [
resolution, 60-90m DEM datais -
available. Further, 10 m datais )
available for a region o ap- 5[

— Observed pdf
— Model gamma pdf

proximately 1000 km? in the 1
Upper Kuparuk. For this study,
this high-resolution data will be , ! , : , : :
used for catchment delinedion 0 5 10 15 20 25
and the etimation of TOP- Topographic index, y=Inf4/5)

MODEL et bviati i N .
the need f g?:gcmalig:ti Oon_VI 'ng Figure 8. Catchment delineation and pdf generation for the
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The study region will be segmented into a mosaic of indexed sub-cachments using a delineation algo-
rithm that includes a DEM error correction scheme. Eacdh watershed index will permit acassto a pdf of
X, alink into the drainage network template which permits river routing, and a sub-catchment boundary
geometry which facilitates meshing with a GCM grid. The segmentation of sub-cat.chments will be per-
formed in tandem with estimation of hillslope and channel network flow patterns using a multiple flow
routing algorithm [Quinn et al., 1991]. This methoddogy permits robust estimation of the topagraphic
index in addition to establishing channd network structure and the dong-channel properties required by
routing equations.

The DEM flow routing algorithm is tied to an adaptive eror correction (pit infill) scheme, something
that is particularly necessary during delinedion d flow on low relief areas such as coastal plains. Gener-
aly, error correction schemes perform crude “flooding” operations to force flow networks to join up, and
to prevent internal drainage. In more difficult areas such asaluvia plains, the artifacts that arise from this
approad can cause nonnegligible errors in the estimated routing times along main channels. Our algo-
rithm is gmilar to that of [Martz and Garbrecht, 1998: a quasi-diffusive, stochastic interpolation is per-
formed over pseudoflat regions such that the interpolated flow routing is at least roughly consistent with
the topagraphy aroundthe area of error. This tedchnique has been shown to be successful for the delinea-
tion d braided flow patterns on error-prone DEMs of aluvia fans, and will provide a solid basis upon
which to build aregional drainage model.

An application d the use of smoothed 90m resolution data, and of the dgorithms for DEM corredion
and topographic index estimation, is shown in Figure 8 Figure 8a shows the Kuparuk drainage basin
(Donald Walker, www.Colorado EAUWINSTAA R/TEAML /atl as/chapters /geobot.html). Figure 8b shows a
small areaof the Upper Kuparuk, abou 32km by 50km in size, which contains the Toolik Lake watershed
in the eenter of the image. The wlors in Figure 8b indicate the topographic index estimated from the
DEM; low values of x are shown in red (upslope regions), through green, to high values in blue (valey
regions). The pdf of x for the Upper Kuparuk River, which includes Todlik Lake, are plotted in Figure 8c.
Both the @lor image and the pdf show that the DEM error, which isapatential problemin low relief areas
to the north of Toolik Lake, and also along the river valleys, is largely suppressed, and that robust esti-
mates of topagraphic index distributions can be obtained.

6.2.3 River routing

At each modeled timestep, and for each sub-cacchment, runoff is generated; surface runoff plus
basedlow. This rundf is then routed thorugh a DEM-based channel network to provide model-estimated
discharge at gauged discharge points within the basin. The inclusion of the river routing model, devel-
oped by Lohmann et al. [1998)] permits comparisons between the model-derived discharge and olserva
tions at gaging stations. This routing approach has been widely used with success in combining land sur-
facemodels to catchments and their gauged discharges [Lohmann et al., 199Bc; Maurer et al., in review].

6.3 Land Surface Model Forcing Data

An evaluation of the model will be undertaken over catchments in the Kuparuk basin. High quality
historical climate data, available from 1960 through the present, will be used to force each o the sub-
cachments within the Kuparuk Basin. Measurements of river discharge, snow extent, and snow depth,
will be used to evaluate model performance Test catchments aaossa range of spatial scales will be en-
ployed; acrosslength scales where the dnannel routing transit time ranges from large to small compared to
the time scale of observation. At the largest of scales we will evaluate model performance with respect to
simulating discharge into the Arctic Ocean viathe Kuparuk river.

6.3.1 Mode-generated forcing data

The use of high quality global atmospheric forcing of the land surface is essential to produce reason-
able land surface predictions. The off-line LSM requires wind speed, air temperature, humidity, precipita-
tion, and radiation on a sub-houly basis. Many of these forcing variables can be reliably provided by op-
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erational Numerical Weather Prediction (NWP) models at NCEP, ECMWF, or NASA-DAOQ, runin either
a real-time or reanalysis mode. However, NWP models generally poaly predict precipitation and radia-
tion because the complex prediction d cloud plysics and dynamics, which can leal to gross errorsin land
surfacesimulations, have not been mastered. Therefore, when available, we will use observationa prod-
ucts. Unfortunately most high-quality long-term global land surfaceobservations have been processed on
monthly time scaes for use in climate variability studies, and therefore ladk the high temporal resolution
required by land surface modeling efforts. These low temporal resolution doservations can still be used to
improve land surfacepredictions by reducing the longer- term land surface forcing biases through a ratio
correction. Essentially, NSIPP uses the NWP model forcing as high-resolution temporal weights on the
longer-term observation averages when high-resolution olserved forcing are unavailable. [Pauwels,
1999 and[Pauwels and Wood, in review] have investigated the eff ect of substituting ECMWF model data
for observations over the BOREAS S\ and NSA. In their study, they found that the largest errorsin the
forcing data is spring-time radiation die to the well-discussed snow albedo bias problem [Betts and Ball,
1997 and precipitation, which is underestimated by about 40%. Betts and Viterbo [2000] have studied
the water and energy balance from the ECMWF mode products for seven sub-basins of the Madenzie
River basin. Their analysis will provide an additiona basis for evaluating the use of NWP re-analysis
productsto force our LSM.

Generaly land-surface predpitation and radiation forcing is most critical to land surface prediction,
with surface winds, humidity, and air temperature being of second-order importance. Therefore, using
precipitation olservations based ongauges, GOES Recipitation Index (GPI) estimates [Arkin and Meis-
ner, 1987], shortwave passive microwave (as available with the SSM/I instrument, TRMM, and AMSR)
estimates, and groundbased Doppler radar estimates are apriority. The Global Precipitation Climatology
Project (GPCP) [McCollum et al., in review] has developed along-term, globally continuous combination
of microwave, infrared, and gauge measurements that is an attradive product for use in land surface mod-
eling applications. Global downward shortwave radiation fluxes are available [Pinker and Laszo, 1992]
using surface solar irradiance models. This is a theoretical-spedra model and has siown successin pro-
ducing the global surface solar radiation flux using ISCCP C1 data & input [Whitlock et al., 199], and
has been extended to use ISCCP D1 data. [Gupta, 1989] developed a parameterization for longwave sur-
faceradiation using satellite measurements. Recently, he improved and modified the dgorithm [Gupta et
al., 192] for direct use of ISCCP D1 data. The use of air temperature, winds, and humidity surfaceohser-
vations are dso being explored to improve land-surface predictions.

6.3.2 Observed forcing data

Monthly data: Under the auspices of the NSF project “Contemporary Water and Constituent Balances
for the Pan-Arctic Drainage system: Continent to Coastal Ocean Fluxes', a Pan-Arctic 0.25 degree grid-
ded monthly data seta of precipitation and temperature for the Pan-Arctic is now available for the period
1960- 1990 ((refs, http://climate.geog.udel.edu/~climate/html_pages/archive2.itml). In total, 8818 inde-
pendent weather stations north of 43N were used to produce the precipitation archive and 647 stations for
the temperature achive.

Daily data: Global Summary of the Day (GLOBAL SOD) data contains precipitation, temperature, dew
point, wind speed, sealevel pressure, and daily total sunshine. Station coverage between latitudes 45N
and 66N is extensive. Coverage aove 66N is approximately 450 stations with nealy 100 stations in
Alaska.

Hourly data: Alaskan surface weather observations from 1901 through 1990at approximately 150 sta-
tions are available from the National Climatic Data Center (NCDC - DATSAV2 SURFACE). Data in-
clude predpitation, air temperature, dew point temperature, wind speed, precipitation, station presaire,
and cloud cover. More specifically, since 1992 wer a dozen meteorologicd stations have been set up
throughout the Kuparuk, al recording the requisite data needed to run the LSM
(ftp://arcsscolorado.edu/pub/projects2/climate/Alaska NSlope Met_1985-96/). With funding from AT-
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LAS meterologica stations have now been established at Ivotuk, Alaska. Finaly, for al their deficien-
cies, two Wyoming snow gauges are located with the Kuparuk basin, ore at Imnavait Creek and one near
Prudoe bay.

6.4 Land Surface Model Spin-up

Initialization values for the system states of the LSM will be obtained by undertaking a land surface
spin-up. This will involve running the catchment-based LSM repeatedly for a given yea of forcing data,
until the system states for the start of the year converge to consistent set of values. The spin-up will be
undertaken for the first ten yeas of forcing data (i.e. 1960-1970. This will allow for validation d fore-
casted system states from 1970through to the present.

6.5 Validation Products

An effedive evaluation d any large scale modeling endeavor is aways the most difficult and yet most
important aspect of the project. In this project, we propose to evaluate the simulation using remotely
sensed and ground olserved snow products of the snow cover, snow depth, and snow water equivalent, as
well asriver observed discharge measurements throughou the Kuparuk basin.

6.5.1 Show Observation Products

Since November 1978,the Scanning Multichannel Microwave Radiometer (SMM R) instrument on the
Nimbus-7 satellite, and the Special Sensor Microwave Imager (SSVI/1) on the DMSP series of satellites
have been acquiring passive microwave data that can be used to estimate snow extent and snow water
equivalent. The SMMR instrument failed in 1987, the yea the first SSVI/I sensor was placed in orbit. On
SMMR, the channels most useful for snow observations are the 18 and 37 GHz channels. For the SSVI/I,
the frequencies are dightly different (19 and 37GHz). Additiondly, an 85 GHz channel is available onthe
SM/I. This frequency has been demonstrated to be beneficial in deteding shallow snow packs (< 5 cm
thick). Passive microwave data for most places on the globe are available for aternate days. The data are
placed into ¥ degree latitude by ¥ degree longitude grid cells, uniformly subdviding a pdar stere-
ographic map according to the geographic coordinates of the ceanter of the field of view of the radiometers.
Overlapping data in a call from separate orbits are averaged to give asingle brightnesstemperature, as-
sumed to be located at the center of the call. Because when the snow padk is wet, snow water equivalent
information is difficult to extrad using passive microwave radiometry, only dry snow conditions will be
examined. This necessitates using only the nighttime satellite overpasses so that there will be ahigher
probability that the snow padk is not actively melting.

Remotely sensed snow cover extent and snow water equivalent observations for al of the Kuparuk will
be produced from the twenty plus years of microwave brightness temperature data. In addition to the pas-
sive microwave snow products, high resolution (1 km or less) visible and near-infrared satellite data from
Landsat, the NOAA series of satellites and the DMSP opticd sensors will be anployed to look at snow
cover extent in more detail where warranted. Moreover, airborne gamma data ae available over much of
the northern U.S. and southern Canada for the period from the late 1970s through the present time. This
data set can be used to “spot check” the passive microwave snow water equivalent products.

The Northern Hemisphere EASE-Grid Weekly Snow Cover Extent data yields show extent data from
1971through 1995. This product is provided ona25-km equal areagrid and is available through NSIDC.

Daily snow depth climatologies based onsit observations are avail able for 61 sites throughou Alaska.
The period 1949through 1998was used to construct the climatologies. The Data is available from the
Western Regiona Climate Center. Hourly/daily snow cover observations throughou Alaska from 1901
through 190 at approximately 150 stations are available from the National Climatic Data Center
(NCDC). Finally, snow depth is available from the GLOBAL SOD data.
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6.5.2 River discharge products

Monthly data: Monthly Pan-Arctic discharge data is now available from R-ArcticNet (http://www.R-
arcticnet.sr.unhedu/) covering the period 1960 - 1990. In total, this database excompasses 3700 gauged
rivers. Unfortunately, this database does not include discharge measurements within the Kuparuk basin.
We include the mention d this data with an eye toward eventual Pan-Arctic application of the LSM

Daily data: The USGS currently maintains abou 88 full time stream-gauging stations in Alaska and
abou 40 "partia-record” stations used for pesk flow data @llection. Data for some of these sites are
available in red-time. Historical surfacewater data ae available in a computerized database for about
2,600sites. Daily measurements for discharge within the Kuparuk Basin go badk 20 yeas and exist at
three locations, the headwaters, the Kuparuk Crossing (where the Kuparuk river and the Dalton Highway
cross), and at Deadhorse Alaska (Prudce Bay). At the smaller catchment scale is continuous monitoring at
the Toolik Lake inlet and at Imnavait Creek.

7 Simulationsat ATLAS sites

In addition to validating within the Kuparuk basin, and specifically, the Kuparuk outflow into the Arc-
tic Ocean, we will validate specificaly at the ATLAS sites where ae large suite of datawill be olleaed;
including Barrow, Atquasuk, Oumalik, and Ivotuk. Two sets of experiments will be performed: (1) We
will usethe 19601990 hstorical climate data mentioned above for regions near the ATLAS sitesto force
the LSM. The model will be validated against site-spedfic measurements of ground temperatures, soil
moistures, snow depths, etc. Asuming a successful validation, this experiment will be used to provide
eology models with a historical record of sub-grid scae soil moisture and ground temperature ajainst
which they can be tested and calibrated. (2) Forcing the land surfacemodel with the hydro-meteorologicd
measurements currently being taken urder the auspices of the ATLAS program, we will be able to vali-
date model performance with a broad range of measurements, including the spatial distribution of soil
moisture, ground temperature, snow cover, surface water and energy fluxes, and dscharge. Thiswill pro-
vide invaluable insightsinto improving model physics.

8 Reationship toother ATLAS projects

These and related results will be of broad interest across a range of disciplines, espedally
within the NSF Arctic Transitions in the Land-Atmosphere System (ATLAS) program and
amongst other arctic researchers. It is our hope that this pilot study will develop into a @re hy-
drologic comporent of the ATLAS program and serve the needs of ongoing ATLAS efforts. For example:
We hope to eventually (1) expand the scope of this modeling effort to the entire Pan-Arctic, (2) couple our
LSM with Amanda Lynch's ARCSyM regional climate model with the @am of improving seasonal and
inter-annual variability in climate simulations, (3) use the model-generated sub-grid scde soil moistures
and soil temperaturesto force eology models sich as GEM [Rastetter et al., 1991, TEM [Raich et al.,
1991, CENTURY [Parton et al., 1987] and SPA [Williams et al., 1994. Finally, only through a
proper accounting of arctic hydrologic and thermal processes, and the validation d those processes, will
we be in a position to determine how the Arctic will respond to the expected warming in the next century.
We fed thiswork leads usin that direction.

8 Schedule

This project will be three yeas in duration. Activity during the first eighteen months will focus on the
cachment delineation, and the generation of TOPMODEL statistics using the 10 m and 90m avail able in
the arctic (the NSIPPproject currently uses the 1 km DEM for catchemnt deli neation), implementation o
the river routing algorithm, the development and implementation of a new sub-grid snow scheme, and the
processing of hydro-meteorologicd data. The second eighteen months will focus on simulation and vali-
dation at scales ranging from small catchments, including site spedfic validations at the ATLAS sites, to
the entire Kuparuk basin.
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