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ABSTRACT
The Mackenzie River is the largest North American source of freshwater for the Arctic Ocean. This basin is subjected to wide fluctuations in its climate and it is currently experiencing a pronounced warming trend. As a major Canadian contribution to the Global Energy and Water Cycle Experiment (GEWEX), the Mackenzie GEWEX Study (MAGS)
is focusing on understanding and modeling the fluxes and reservoirs governing the flow of water and energy into and
through the climate system of the Mackenzie River Basin. MAGS necessarily involves research into many atmospheric,
land surface, and hydrological issues associated with cold climate systems. The overall objectives and scope of MAGS
will be presented in this article.

1. Introduction
Canada has the largest amount of freshwater of any
country in the world. This resource is, however, subject to large fluctuations due to natural climatic variations (see, e.g., Shabbar et al. 1997a) and there are
concerns about how anthropogenic forcing may alter
the Canadian climate. It is critical that approaches be
developed to assess our water resources within the
context of the overall climate system. This is best accomplished through Canadian efforts linked with international ones.
The Global Energy and Water Cycle Experiment
(GEWEX) is such an international effort. It was de-
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veloped by the World Climate Research Programme
(WCRP) as a coordinated group of activities aimed at
improving our understanding and prediction of the role
that the water cycle plays in the climate system. Such
improvements are crucial if we are to predict the varying natural climate system and its sensitivity to anthropogenic effects (Chahine 1992). Canada's large
freshwater reserves coupled with the predicted sensitivity of the high-latitude Northern Hemisphere to climate change suggests that any modifications to the
water cycle will have a profound impact on Canada's
ecosystems and socioeconomic activities.
It is therefore natural that the Canadian scientific
community has developed its own component to the
international GEWEX program. The overall objectives
of this Canadian effort are to 1) understand and model
the high-latitude water and energy cycles that play
roles in the climate system, and 2) improve our ability to assess the changes to Canada's water resources
that arise from climate variability and anthropogenic
climate change.
The focus of the Canadian GEWEX program is the
water cycle of the Mackenzie River Basin (Figs. 1 and
2). Selecting this northern basin also allows Canada
to build upon its expertise in cold region processes.
This effort, the Mackenzie GEWEX Study
(MAGS), represents an appropriate focus in light of
other GEWEX initiatives. Under the umbrella of the
2665
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1984; Aagard and Carmack
1989). The meteorological and
hydrological processes that govern the transport of water into
and through northern basins
such as that of the Mackenzie
River therefore affect oceanic
circulations. Through MAGS,
there is great potential for improving our understanding of
some of the important couplings
that exist between northern components of the global climate
system. Consequently, MAGS
can contribute directly to another WCRP initiative, the Arctic Climate System Study.
One of the outcomes of
MAGS will therefore be the
quantification and understanding of key processes affecting
the water and energy cycles of
the Mackenzie Basin and validated, coupled atmospherehydrological-land surface
models that, on monthly and
longer timescales, will replicate
the transport of moisture into
and through the Mackenzie Basin and into the Arctic Ocean. As
indicated in Fig. 3, many of these
processes and transports are associated with the cold season.
In addition, the region includFIG. 1. The Mackenzie River Basin (outlined by the red line) and some of its features
ing the Mackenzie River Basin
and population centers. This map was adapted from one produced by E. Leinberger for the
has been experiencing some of the
Mackenzie Basin Impact Study (Cohen 1997).
greatest warming anywhere in
the world over the last few deGEWEX Hydrometeorology Panel, other regions are cades (Fig. 4). It is critical that research within MAGS
also being studied. These include the southerly flow- should lead to a better understanding of the processes
ing Mississippi River (as described by Coughlan and contributing to this trend within and near the basin and,
Avissar 1996), the Amazon River (as described by as well, to appreciate how processes in this region are
Nobre et al. 1996), the Baltic Sea area (as described by being affected by the warming. The local population,
Raschke et al. 1998), and the Asian monsoon region in particular the aboriginal community, is very con(GAME, as described by GAME International Science cerned about the impacts of this warming on its way
Panel 1998). The Canadian focus on a northern river of life (see for example Cohen 1997). Another objective of MAGS will therefore be an understanding of the
at high latitudes complements these other efforts.
Freshwater discharge into the Arctic Ocean, for changing climate system of a northern region.
which the Mackenzie River's contribution is signifiIn this article, the plan for achieving the goals of
cant, also plays an important role in regulating the ther- MAGS over the next few years is described (Table 1).
mohaline circulation of the world's oceans (Woods Substantial use will be made of operational weather pre2666

Vol. 79, No. 12, December 1998
Unauthenticated | Downloaded 01/09/23 12:36 PM UTC

diction models to estimate atmospheric
state variable fields over the basin.
Regional climate models, with enhanced
physics packages, will be used to simulate these fields. Hydrological models
and land surface schemes, suitably adapted
for northern conditions, will be fully
coupled to both of these model types. The
climate model validation over the datasparse region of interest will rely to a large
extent on the use of existing operational
systems, augmentations to the ongoing
observations, shorter-term observational
programs, as well as remote sensing techniques. There will also be a number of
specific process studies conducted within
the overall effort to improve capabilities
of all the models in specific areas critical to a northern environment.

FIG. 2. Ice breakup during spring runoff at the confluence of the Mackenzie
(left) and Liard Rivers near Fort Simpson, NWT. In this southeastward aerial view,
the combined river width (bottom of image) is almost 3 km (Photo courtesy
T. Prowse, NWRI at National Hydrology Research Centre, Sasktoon, Canada).

2. Background perspective and climate
a. Characteristics of the basin and its climate
The Mackenzie River is one of the great rivers of
the world, ranking 10th by drainage area. This large

TABLE 1. The overall strategy for MAGS.
1) Standardize background fields characterizing the
Mackenzie Basin.
2) Adequately observe the needed features characterizing
the water and energy cycles of the Mackenzie Basin.
3) Develop basin-scale representations of the water and
energy cycles based upon observations and data
assimilation techniques.
4) Carry out needed studies of the critical processes
affecting the basin water and energy cycles.
5) Develop atmosphere-surface-hydrology modeling
capability to represent these cycles.
6) Assess the ability of our regional climate model to
replicate the critical water and energy cycles of the
basin when driven by observed large-scale forcing and
improve the model until it does replicate these cycles.
7) Develop the capability for seasonal and longer
prediction of basin water resources with the use of
predicted large-scale fields.
8) Understand the climate system of the Mackenzie Basin
and its possible alteration through anthropogenic
effects.
9) Communicate our progress to the general public and to
the scientific community.
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drainage basin stretches over 15° of latitude and covers about 1.8 million km2 or about 20% of the total Canadian landmass (Fig. 1). The annual flow is the
second highest in Canada with only the St. Lawrence
River being larger.
The Mackenzie Basin is composed of six main
subbasins, three great lakes, and three major deltas
including one of the world's largest (the PeaceAthabasca Delta). Of the subbasins, only the Peace
River is regulated to a significant degree. The hydrological regime of the basins is influenced by four major physiographic regions (Western Cordillera, Interior
Plain, Precambrian Shield, and Arctic Coastal Plain),
by permafrost that underlies a significant portion of
the basin and by vegetation that varies from boreal
forest in the south to alpine in its mountains and arctic tundra in the north.
For this northern basin, there is a very dramatic
annual cycle of surface air temperature. Seasonal
monthly average temperatures are about -25° or
-30°C in winter and 15°C in summer. On particular
days, temperatures can be as low as -50°C in winter
and well above 30°C in summer. The critical snowmelt period takes place in the April-June period, and
average temperatures again fall below the freezing
point during September-October. In general, colder
temperatures persist longer over northern regions and
over higher terrain.
The Mackenzie Basin is currently experiencing
some of the greatest warming anywhere in the world
(Fig. 4 and Cao et al. 1998, manuscript submitted to
J. Meteor. Soc. Japan). This warming is mainly oc2665
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periods undoubtedly lead to considerable
uncertainties. Discharge displays the
characteristic nival regime for northern
rivers (Church 1974). Maximum discharge occurs in association with the
spring melt, during which time ice jams
may dramatically raise water levels compared to similar open water discharge.
This is followed by summer flow fed by
melting snow in alpine areas and rain
that, over southern areas, can be linked
with severe thunderstorms. The remainder of the year is characterized by underice flow. Although the fundamental
FIG. 3. Schematic of the processes affecting the water and energy cycles of processes governing the flow occur each
the Mackenzie River Basin. Much of the moisture and energy for the basin is trans- year, the actual discharge illustrates conported into the region from the Pacific Ocean, but many atmospheric, surface, and
siderable interannual variation.
subsurface processes also operate within the basin.
Basin mean annual evapotranspiration is about 230 mm y r 1 and it mainly
curring during the cold season and it is characterized occurs between May and October. This is equivalent
by warming rates of up to 2°C per decade. This warm- to about 1.3 mm day-1 over this peak period, but acing trend, however, is very nonlinear. It is character- tual daily values can be considerably higher due to
ized by large interannual variations that have increased high temperatures and long daylight periods. Annual
in magnitude over the last two decades, beginning in estimates of evapotranspiration using water balance
the mid-1970s. These large variations have further- methods are complicated by changes in basin storage,
more resulted in the production of some of the cold- which can easily be as much as 100 mm yr_1.
est winter periods during the last couple of decades.
It should be pointed out that from the meteorological
The Mackenzie Basin is normally a net sink for wa- point of view, there are four distinct periods of the year
ter vapor (Walsh et al. 1994), although surface evapo- over the Mackenzie Basin, whereas from the hydrotranspiration during the summer can sometimes be logical point of view there are three. Meteorologically,
sufficient for the basin to become a temporary net much of the cold season snowpack is produced in the
source.
autumn (September-November) when many cyclonic
The mean annual precipitation over the basin is storms affect the area; in the winter (Decemberestimated to be about 410 mm yr_1, but there is con- March), light snow episodes are common; in the
siderable uncertainty due to inadequate sampling and spring (April-June), warming and rainstorms enhance
errors with gauge measurement in winter conditions runoff; and in the summer (July-August), convective
(Goodison 1978). Maximum precipitation rates occur activity dominates. From the hydrological point of
in the summer in association with convective systems, view, summer (July-October) is when rainfall is the
when almost 50% of the total annual precipitation oc- main forcing, winter (November-March) is when the
curs. However, snow dominates 6-8 months of the river and lake system is covered by ice, and spring
year, with the largest amounts in the mountains on the (April-June) is when melt and ice jams occur.
west side of the basin. The precipitation over the basin is also subject to large interannual variations su- b. Climate model capabilities
perimposed onto the distinct seasonal cycle (Fig. 5 and
Climate models have problems simulating the cliBjornsson et al. 1995).
mate of areas such as the Mackenzie Basin. In the
The mean annual discharge of the Mackenzie simulation of present climate, these models are able
River into the Arctic Ocean is one of the most critical to account for some of the cold season warming, alparameters associated with this region's climate though they appear to have difficulties simulating the
(Fig. 6). Its value is approximately 9100 m 3 s _I actual magnitude. The climate models also have a ten(equivalent to 180 mm yr_1 of runoff), but difficulties dency to overpredict the amount of precipitation, and
in measurement during the spring melt and winter they have difficulties dealing with the magnitudes and
2666
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FIG. 4. Annual surface temperature trends over the Northern Hemisphere for the period 1961-90. At each location, the slope of the
best-fit line to the data is plotted. The technique for producing this figure is described by Shabbar et al. (1997b). The figure is courtesy
of the Climate Monitoring and Data Interpretation Division of the Atmospheric Environment Service.

timing of runoff, evapotransporation, and discharge
(see, e.g., Sausen et al. 1994; World Climate Research
Programme 1996). All of these are critical issues that
must be addressed within MAGS.
A related key issue is understanding and quantifying the degree to which the climate system is predictable. For improved prediction, it is critical to know
how much of the basin's climate is governed by largescale forcing, how sensitive its climate is to fluctuations and errors in that forcing, and how sensitive its
climate is to local contributions. To begin to assess this
overall issue, ensemble forecasts are being carried out
to quantify the differences in water and energy budgets over the Mackenzie Basin that result from uncertainties in the initial conditions provided by large-scale
analyses. A baseline study has been completed using
a model with the currently operational parameterizations of physical processes (Ek and Ritchie 1996), and
Bulletin of the American Meteorological Society

the impacts of more comprehensive land surface
schemes are currently being examined.
3. Scientific issues
a. Background
As evident from the preceding discussions, there
are two overarching scientific issues within MAGS.
First, the transport of water and energy into and through
the basin including discharge must be understood and
well handled within large-scale models dealing with the
climate system. Second, the processes occurring within
and adjacent to the basin that are contributing to and are
affected by the recent warming must be understood.
To realize the objective of MAGS, many atmospheric, surface, and hydrological scientific issues
must be considered (Fig. 3). A brief summary of these
2669

FIG. 5. Distribution of mean annual precipitation for the
Mackenzie River Basin. Climate station data were interpolated
using physiographic parameters to produce this information.

is presented below where the discussion is largely organized on individual issues.
To a considerable degree, couplings between the
many individual factors actually govern the behavior
and character of the basin including its response to and
impacts on the larger-scale environment. Such interactions will progressively become the focus of
MAGS research as the individual components become
better understood and addressed. The use of models
to integrate the findings of the many individual components into a cohesive numerically based complete
system is then a requirement to achieve our ultimate
objectives.
b. Atmospheric issues
1) LARGE-SCALE CIRCULATION PATTERNS

Large-scale patterns undergo seasonal changes that
have profound effects on the Mackenzie Basin's water and energy cycles. For much of the year, the basin
is subjected to the downwind effects associated with
a low pressure system located in the vicinity of the
Gulf of Alaska (Lackmann and Gyakum 1996;
Smirnov and Moore 1 9 9 8 ) . In the depth of winter,
however, high pressure systems with origins farther
2666

FIG. 6. Monthly average Mackenzie River discharge (m3 s
observed at Arctic Red River for the period 1973-95.

north commonly occur over the area. There are many
variations in the occurrence and strength of such largescale features over the annual cycle, and there are many
interannual ones as well. A critical issue is to assess
the degree to which the interannual variability in basin fields is linked with the interannual variability in
the large-scale circulation patterns.
2 ) MOISTURE SUPPLY

Based on historical data, much of the precipitation
that is produced over the basin appears to be derived
from moisture transported into the system as opposed
to being produced locally (Smirnov and Moore 1998;
Lackmann et al. 1 9 9 8 ) . As previously mentioned, in
most years advection into the basin occurs during all
months (Fig. 7), although summer periods can sometimes be linked with net divergence with implications
being that local evapotranspiration is stronger than advection (Walsh et al. 1 9 9 4 ) . However, the normal two
soundings per day ( 1 2 0 0 and 0 0 0 0 UTC) can miss an
important contribution to the diurnal cycle in atmospheric vapor mass arising from evapotranspiration
during the summer. This results in potential underestimates of vapor mass (10% or more) and the rate of
Vol. 79, No. 12, December 1998
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change of vapor mass, and possible overestimates of
precipitation minus evapotranspiration ( P - E ) . For the
Canadian prairies, this factor can lead to an underestimate of vapor mass from evapotranspiration by as
much as 40% (Strong 1997). Critical issues linked with
moisture transport are also linked with its vertical profile. It can often be a low-level feature associated in
part with the normal substantial stability of the basin's
and its surrounding region's atmosphere.
3 ) CLOUD SYSTEMS

The types of cloud systems affecting the basin vary
greatly. For much of the year, cyclonic storms with
relatively little convection pass over the region
(Hanesiak et al. 1997; Szeto et al. 1997; Stewart et al.
1998a; Asuma et al. 1998). These systems furthermore
are undergoing considerable evolution as well since
they are being affected by the orographic barrier and
their access to moisture is being altered. The occurrence of lee cyclogenesis on the eastern flank of the
orographic barrier is one key phenomenon associated
with this evolution (Chung et al. 1976; Stewart et al.
1995). At least during the summer, a substantial
amount of convection also occurs. This can bring tremendous amounts of rain along with thunder and lightning. The latter, under dry conditions, can lead to the
production of forest fires within the basin. It is not yet
clear, however, how cloud systems change during typical or unusual periods and what role the systems have
in altering the basin's climate.

FIG. 7. Monthly means of the atmospheric moisture flux convergence (solid line), local rate of change of vertically integrated
vapor mass (dashed line), and estimated P-E (dashed line with open
circle) for the period from 1 October 1996 to 30 September 1997.

from winter inversions to summer convective profiles. Because of the basin's variable terrain, land
cover, and vegetation there are also large horizontal
gradients in the boundary layer's characteristics. In
addition, there is a very pronounced diurnal cycle
during the summer that plays a critical role in the determination of overall evapotranspiration rates. Work
is proceeding to improve the representation of boundary layer processes in models (Xu and Taylor
1997a,b), and MAGS is building on the special observations already made within projects such as the
Boreal Ecosystem-Atmosphere Study (Sellers et al.
1995; Kaharabata et al. 1997; Ogunjemiyo et al. 1998)
in order to adequately account for this feature and its
impacts over the basin.

4 ) CLOUDS

The Mackenzie Basin is very often covered by
clouds, with estimated values being on the order of
50% (Isaac and Stuart 1996; Stewart et al. 1998b,
manuscript submitted to Contrib. Atmos. Phys.).
These clouds are a product of gentle lifting and/or
convective activities occurring over the basin, and
they have a great impact on all aspects of the surface
radiation fields including the reduction of heat loss
from the surface. The overall impact of the clouds
depends upon their vertical distribution, extent, and
internal microphysical characteristics. Much needs
to be known about all these clouds before the complete climate system of the basin can be adequately
addressed.
5 ) ATMOSPHERIC BOUNDARY LAYER

Boundary layer processes are an important component of atmosphere-surface interactions over the
basin, and a wide range of stability conditions occur
Bulletin of the American Meteorological Society

6 ) PRECIPITATION AND ITS DISTRIBUTION

A fundamental issue for MAGS is determining and
accounting for the amount and type of precipitation
over the basin and its spatial and temporal distribution
during typical and anomalous periods. Precipitation
production is initially through ice phase processes
over most of the year, although there have been suggestions of warm rain processes occurring in at least
some instances (Kajikawa et al. 1988). The amount
of precipitation reaching the surface is diminished
substantially through loss in the generally dry
subcloud conditions that occur as a consequence of
limited moisture sources within or adjacent to the
basin. For example, in the autumn it is estimated that
50% of the snow produced at cloud base does not
reach the surface (Burford and Stewart 1998, manuscript submitted to Atmos. Res.). The amount of precipitation is also greatly influenced by other factors
including the orographic barrier and the degree to
2665
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which the Beaufort Sea is ice free. As a rough average, the type of precipitation over the basin is about
evenly divided between snow and rain (Mekis and
Hogg 1998, manuscript submitted to Climate); the
variation in this relative amount of rain and snow is
critical to many features of the water and energy cycles
of the region. Much is therefore known about precipitation, but this parameter needs to be better quantified
and more predictable.
7 ) TOPOGRAPHIC INFLUENCES

The mountains to the west of the basin rise to 2 3 km and this barrier imparts a major impact on the
basin water and energy budgets by greatly reducing the
amount of moisture flowing into the area from the
Pacific, by modifying the character of cloud systems
(including lee cyclogenesis), by enhancing precipitation over its high terrain (Mackay et al. 1998;
Bensimon et al. 1998, manuscript submitted to Atmos.Oceari), and by producing gravity and lee waves (Cao
et al. 1998, manuscript submitted to J. Meteor. Soc.
Japan). These impacts vary greatly over the annual
cycle as a result of differences in large-scale forcing
and stability and it is not yet clear to what degree the
interannual variations in these factors control critical
aspects of the basin's climate system. Much work has
been conducted on the impacts of orographic barriers
in other regions of the world (see, e.g., Banta 1990;
Egger and Hoinka 1992), but with latitudes up to 70°
and generally low moisture levels, this suggests that
the adequate simulation of orographic effects will be
difficult to achieve. A critical issue is to establish the
level of model sophistication needed to capture the
orographic effects to some reasonable degree.
8 ) SURFACE RADIATION

Accurate representation of the radiation balance at
the surface is critically important to understanding the
hydrology of the region. Its interannual variations are
one of the major factors controlling snowmelt, evapotranspiration, and, in turn, river discharge. However,
surface observations in the MAGS area are inadequate
to evaluate the reliability of the radiation fields generated by the project's atmospheric models. Satellite
measurements need to be used in MAGS to deduce the
surface solar radiation budget (Li et al. 1993; Masuda
et al. 1995) and hence to evaluate the fields generated
by the atmospheric models. It is critical that confidence
be developed for these satellite approaches through
appropriate validation studies using the limited observing sites over the basin.
2666

c. Land surface and hydrology issues
1) SNOWFALL INTERCEPTION

During the winter period, interception of snow by
the boreal forest canopy is large, with interception increasing with canopy density (Pomeroy and Schmidt
1993). Due to the long cold winter, intercepted snow
may remain in the forest canopy for long periods of
time, with removal from the canopy by unloading, sublimation, melt, or wind redistribution (Pomeroy and
Gray 1995). Since the snow in the canopy is well ventilated, sublimation rates are often high (Schmidt
1991), removing a significant portion of snowfall and
limiting the ground snowcover beneath the canopy.
Snow stored in the forest canopy may be expected to
increase the albedo of the boreal forest during winter,
but in fact the clear-sky canopy albedo is not dependent on snow load within the canopy due to multiple
reflections and scattering (Pomeroy and Dion 1996).
Important issues that need to be addressed include the
effect of canopy snow on the albedo and energetics of
the canopy itself and the winter snowfall sublimation
from the forest canopy and its impact on the atmospheric water budget.
2 ) BLOWING SNOW

In open areas, snow may be redistributed when the
wind speed is above a critical value (Pomeroy and
Male 1992). Such blowing snow events result in the
redistribution of snow from source areas (typically
open areas with low vegetation) to accumulation areas (e.g., forest edges and areas of shrub) (Pomeroy
et al. 1997). Since the snow particles are well ventilated during these blowing snow events, sublimation
may occur relatively rapidly (Dery and Taylor 1996;
Pomeroy et al. 1997), although this process may be
somewhat self-limiting in some instances (Dery et al.
1998). As shown in Table 2, field studies suggest that
on a seasonal basis such sublimation may be large,
removing up to 10% of the annual precipitation in tundra basins in the northwestern portions of the
Mackenzie Basin (Marsh et al. 1994). However, the
magnitude of sublimation in the arctic and alpine tundra areas of the basin, over the large wetlands, and for
extensive lake areas needs to be confirmed.
3 ) SNOWPACK EVOLUTION

The accumulation of snow on the ground is controlled by snowfall, ablation, blowing snow, and snowfall interception by the forest canopy. These combined
processes alter the snowcover distribution and total
mass, and this has important implications to surface
Vol. 79, No. 12, December 1998
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energy fluxes and snowmelt runoff (e.g., Goodison and
Walker 1993). It is critical that MAGS documents and
develops appropriate models for predicting changes in
snowpack distribution in order to predict snowmelt
runoff in the spring and to understand changes in
ground temperatures, permafrost conditions, and soil
heat flux during the spring and summer periods.

5 ) RUNOFF

The transfer of meltwater and rainfall to the stream
channels is a complicated process that is highly vari-

4 ) SNOWMELT

One of the most dramatic changes to the water and
energy fluxes in high-latitude basins, such as that of
the Mackenzie, occurs during the spring melt period
(Fig. 8 and Church 1974). This runoff event often accounts for well over 50% of annual runoff (Marsh et al.
1994). During this period the snow cover is often
patchy (Marsh and Pomeroy 1996) with the patch scale
varying between open and forested areas. Because of
the differences in albedo and since the surface temperature of the snow patches is limited to a maximum temperature of 0°C, the radiative, sensible, and latent heat
fluxes for the snow and snow-free surfaces are very
different. In tundra areas, the sensible heat flux to the
snow cover, and therefore melt, is greatly enhanced by
local-scale advection (Marsh and Pomeroy 1996;
Neumann and Marsh 1998) while the combined flux
to the atmosphere may not be greatly impacted by
advection (Liston 1995). Once melting occurs, various processes control the movement of water to the
stream channels. Runoff may be delayed for one or two
weeks due to the refreezing of water within the cold
snow cover (Marsh and Woo 1984), by frozen soil infiltration (Gray et al. 1985), or by the storage of meltwater (Woo and Sauriol 1980) in temporary ponds or
within lakes. Critical issues relating to snowmelt runoff include the quantification of local advection during periods when the snow cover is patchy and the role
of boreal forest in controlling melt rates (Shook 1995).

FIG. 8. Surface energy fluxes for (a) snow-covered and (c) snowfree sites at Trail Valley Creek north of Inuvik. Also shown are
the sources and sinks of the sensible heat fluxes [(b) and (d)]. For
the snow-covered site a significant portion of the sensible heat flux
is derived from local-scale advection from the snow-free areas
(Neumann and Marsh 1998).

TABLE 2. Annual water balance for Siksik Creek (a tributary of Trail Valley Creek near Inuvik) for the period 1 October 1992-30
September 1993. Values are expressed in both millimeters and as a percentage of the total water input from snow, transport, and rain
(total of 327 mm) for the subbasin (Marsh et al. 1994).

Snow

Inputs (%)
Outputs(%)

Blowing snow Blowing snow
transport
sublimation

190

51

58.1

15.6

34

Rain

Stream
discharge

Evaporation

86

98

203

30.0

62.1

Storage

26.3
10.4
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able in both time and space. For example, many regions of the basin are characterized by discontinuous
permafrost. The areas underlain by permafrost contribute large amounts of runoff due to their low waterstorage capacity, while the nonpermafrost areas do not.
In many areas of the north, thick organic layers are
common, either providing a continuous cover over the
mineral soils in extensive areas of bogs and fens (National Wetlands Working Group 1988) or occurring
over boreal and tundra hillslopes (Slaughter and Kane
1979; Quinton 1997). In either case, the infiltration capacity is large and the near-surface hydraulic conductivity of the organic layer is high and subsurface flow
is the dominant mechanism. Furthermore, hydraulic
conductivity decreases rapidly with depth and horizontal subsurface water velocities are therefore dependent
on the height of the water table. Important issues include the determination of the spatial variability in the
importance of such runoff processes and the determination of methods to incorporate them into appropriate runoff models.
6 ) MACKENZIE RIVER SPRING BREAKUP

Spring breakup by the main stem of the Mackenzie
River and its major tributaries is controlled by snowmelt runoff from more southerly portions of the basin
with breakup occurring sequentially from the more
southerly portions of the basin northward. The Liard
River acts as a "trigger" for breakup of the lower portions of the Mackenzie (Prowse 1986). Breakup can
be classified as either a thermal event if considerable
melt and weakening of the ice has occurred or a mechanical event if little melt has occurred (Prowse
1986). Due to the occurrence of ice jams during mechanical breakup, water levels are always higher than
during thermal events. Spring breakup results in the
highest water levels of the year along the Mackenzie
River and plays an important role in the ecology of
these channels and deltas (Prowse 1986,1994). Marsh
and Hey (1989) showed that the timing of breakup in
the Mackenzie Delta is very consistent from year to
year with the peak water level occurring on 3 June with
a standard deviation of only four days. An intriguing
question concerns determining the feedbacks that occur between snow cover, the start of melt, ice breakup,
and runoff that result in the timing of the peak discharge being so consistent.
7 ) EVAPORATION-EVAPOTRANSPIRATION

Although the season is short, the water and energy
balance during the summer is a major component of
2666

the annual water budget. On average, the loss of water from surface evapotranspiration exceeds the input
of precipitation during the summer season, but there
are many controls affecting the evaporation cycle. As
indicated in Fig. 9, there is a large range in relative
evapotranspiration rates associated with the terrain
types found within the basin with wetland terrains
evaporating more effectively than most treed sites in
the main boreal forest to the south. The evaporation
cycle is strongly affected by the occurrence of tundra
that is often exposed to strong surface winds and is
commonly dominated by xerophytic vegetation and
it is quite sensitive to the existence of frozen soil at
or below the surface throughout the thaw season.
Given all these complexities, it is critical to aim toward some reasonable accounting for evaporationevapotranspiration that substantially affect the basin's
climate.
8 ) LAKES

The Mackenzie Basin also has three great lakes and
a myriad of smaller ones, all of which play an important role in controlling evaporation and runoff. In areas of the Canadian shield on the eastern portions of
the Mackenzie Basin, many rivers are characterized by
a system of lakes with short interconnecting channels.
In these systems, a precipitation event may occur in

FIG. 9. Estimated evaporation rates for different terrain types
in the Mackenzie Basin in terms of QJQ\ where QE is the latent
heat flux and Q* is net radiation: 1) shallow tundra lake, 2) tundra
fens and bogs, 3) open subarctic wetland forest, 4) lowland wet
tundra, 5) deep large lakes, 6) closed-crown black spruce forest,
7) upland dry tundra, 8) closed-crown aspen forest, 9) mature jack
pine forest, and 10) young jack pine forest. Source estimates are
from unpublished data and from Baldochi et al. (1997), Blanken
et al. (1997), Boudreau and Rouse (1995), Jarvis et al. (1997),
Lafleur and Rouse (1995), McCaughey et al. (1997), and Rouse
(1998).
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the headwater areas, but the downchannel discharge
pulse may be attenuated by the large-storage component and the evaporation from the extensive lake area.
On an annual basis, evaporation from these lakes is
also affected by the duration of the ice-free period,
which varies greatly over the basin and with size of
lake. Partly as a consequence of these factors, lakes
straddle a large range for evaporating surfaces from
shallow tundra ones evaporating at maximum rates to
the large, deep, great ones at substantially lesser rates
(Fig. 9). Understanding the seasonal and annual
changes in lake storage and their role in controlling
evaporation and generating precipitation over nearby
areas of the basin is critical.

melt through albedo changes linked with reduced
snowcover and associated with large-scale circulation
anomalies (e.g., Brown and Cote 1992). However,
much more work needs to be conducted to fully address the critical coupled effects and feedbacks that
operate within and in the vicinity of this region.
4 . The strategy for MAGS

To achieve the objectives of MAGS, major observational hurdles must be overcome. The paucity of
operational surface-based observations over the basin
necessitates that careful attention be paid to obtaining the maximum benefit from this limited information. It also implies that models, remote sensing tools,
9 ) PERMAFROST
Through much of the northern portion of the and specific in situ observational studies are critical
Mackenzie Basin, permafrost occurs at a depth of 0.3 to the success of the project (Table 1). Although it is
to 1.0 m and can be as much as 500 m thick (Natural expected that this first phase of MAGS should be nearResources Canada 1994). This permafrost is virtually ing completion by about 2002; later efforts are eximpermeable and limits short-term water storage to the pected to focus more on predictability, improvements
thin active layer that occurs between the surface and in remote sensing capabilities, and direct impacts.
the permafrost table. Over much of the basin, however,
The research within MAGS can be considered to
the permafrost is discontinuous, and therefore there are have five overall contributing components. First, there
large taliks that may allow the transfer of water be- must be an adequate, consistent representation of batween the surface and deep groundwater. Permafrost sin features, such as vegetation cover and topography,
also controls ground heat flux. For example, Marsh to support all the other components. Second, there are
and Woo (1987) showed that in the Arctic islands the a number of studies aimed at estimating to the extent
soil heat flux during snowmelt could be as much as possible the significant basin-state variables over the
- 8 0 W m~2; this leads to the removal of substantial basin at various spatial and temporal scales, including
amounts of heat from the snowpack. Ground heat flux a special focus on water years with a particular focus
effects would not be expected to be this large over the on 1998-99, in which additional observations will be
Mackenzie Basin, but the precise role of the perma- made. Third, there are many process and background
frost over the basin needs to be assessed.
studies (atmospheric, land surface, and hydrological)
being conducted that are concerned with issues identified in section 3. Not only is this analysis considerd. Couplings and feedbacks
ing
many individual processes, but it is also focusing
As evident in the preceding sections, there are
many critical processes operating over the Mackenzie on their collective role in terms of responses and feedBasin that involve the atmosphere, the surface, and backs. Fourth, studies are being carried out to improve
hydrology. The research within MAGS must be con- parameterizations of many critical processes within
cerned with the collective effects and feedbacks of coupled models. Fifth, an enhanced regional climate
these processes that govern the response of the basin model will eventually contain appropriate additional
to large-scale forcing and its variations, as well as con- physics information from the process and other studtrol the degree to which the basin affects large scales. ies to run over a full water year without reinitialization
Some of these collective effects and feedbacks are of surface fields.
beginning to be understood. These involve, for exThe five components share many requirements. For
ample, the amplification of large-scale temperature example, enhanced instrumentation within the basin
perturbations by basin-scale dynamic circulations in- serves as a basis for process studies, but it also convolving the orographic barrier to the west of the ba- tributes information to the ongoing overall network,
sin (Cao et al. 1998, manuscript submitted to J. and numerical weather prediction model analyses proMeteor. Soc. Japan) and the advancement of spring vide background data as well as initialization and
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boundary data for the regional climate model. As well,
the models and submodels being used in MAGS often have roles in more than one of the components and
most work from common databases.
The analysis effort from MAGS must of course
address the complete climate system of the basin. This
necessarily involves atmospheric, land surface, and
hydrological aspects, but it also implies that some of
the analysis focus must be directed toward studies over
full years. As evidenced from the discussions in section 2, the basin's climate system exhibits some common characteristics but there are many anomalies; all
of these conditions must be understood and well simulated. By choosing particular water years for collective study, such as the special 1998-99 year as well
as others of a typical or anomalous nature, one can
develop confidence in our capability to properly account for this basin's climate system under all its diverse conditions.
Given this background in regard to strategy, the
following sections will describe in more detail the
modeling (section 5), observational (section 6), and
data management (section 7) plans.
5. The models
a. Large domain models
To realize the objectives of MAGS, a variety of
large-domain atmospheric, land surface, and hydrological models must be used. Canadian models will
largely be used but, to ensure transferability over the
world as a contribution to the GEWEX Hydrometeorology Panel, use in the future will also be made of
models from other countries.
Two operational forecast models from the Canadian Meteorological Centre (CMC) are being used to
provide assimilated fields of atmospheric and surface
parameters. The main operational CMC model is the
Global Environmental Multiscale (GEM) model (Cote
et al. 1998), which uses a variable-resolution strategy
for limited area modeling to produce forecasts valid
over North America for a 48-h period. The current configuration has a uniform fine-mesh grid over North
America and the adjacent ocean areas at a resolution
of about 35 km. Recent and anticipated upgrades to
the NEC SX-4 supercomputing system at CMC
permit continuing increases in model resolution.
Prototype tangent-linear and adjoint versions of this
model have also been developed in preparation for
a four-dimensional variational analysis system,
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which is intended as an eventual replacement for the
three-dimensional variational system that is currently
used at CMC. This model also has the capability to
run in a uniform-resolution global configuration and
is expected to replace the current operational global
spectral forecast model described in the following
paragraph.
Another operational forecast model at CMC is the
Canadian global spectral model used for global data
assimilation as well as for medium- and long-range
forecasts. This model uses the spectral technique in the
horizontal, linear-finite elements in the vertical
(Beland and Beaudoin 1985), with a semi-implicit
semi-Lagrangian time integration scheme (Ritchie
1991). The global data assimilation and forecast system replaced the former hemispheric one in operations
at CMC in March 1991. The optimization and sensitivity tests that were performed in preparing this model
for operational use are discussed by Ritchie and
Beaudoin (1994). This model currently has a triangular 199-wave (T199) horizontal resolution and uses 21
levels with variable spacing in order to give higher
resolution near the earth's surface in support of the
parameterization of the boundary layer.
Since critical finescale features of the atmosphere
and surface can occur over small scales (down to
1 km), these are being simulated with nonhydrostatic
research models such as the Mesoscale Community
Model [as described by Benoit et al. (1997)]. Only
through the use of such models can one appreciate the
degree of sophistication needed within the larger,
coarser-grid models to adequately address, for example, water budgets and the interactions between
many surface and atmospheric factors.
MAGS is pursuing a concerted effort to improve
climate models for examining and assessing long-term
and global implications. This climate modeling activity is being accomplished through the use of the Canadian Regional Climate Model (CRCM) with
its GCM physics package (Caya and Laprise 1998).
Through the use of the CRCM, assessments of the
GCM's ability to account for critical features of the
basin's water and energy cycles are being undertaken
(Mackay et al. 1998).
Large-scale hydrologic modeling is being done
with the distributed model WATFLOOD (Kouwen et
al. 1993), which uses a gridded-mosaic approach to
calculate the vertical water budget at the land surface
with physics that is easily adapted to atmospheric
models. The model uses a physically based routing
scheme to remove water from the soil column and
Vol. 79, No. 12, December 1998
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transport it through a channel network to
stream gauges of interest. All the model
parameters are land cover based and have
been found to be robust over large areas.
WATFLOOD has been set up for the
Mackenzie using the GEM grid and
tested with GEM 6-hourly data for the
period 1 April 1996-31 March 1997
(Fig. 10).
The link between WATFLOOD and
FIG. 10. Illustrative examples of preliminary 1996 streamflow simulations usthe atmospheric models will be CLASS,
ing WATFLOOD forced from the GEM 6-hourly operational model output for
the Canadian Land Surface Scheme two of the major tributaries of the Mackenzie River. The solid line refers to the
(Verseghy 1991; Verseghy et al. 1993). observations and the dashed line to the model results.
CLASS is a sophisticated soil-vegetation-atmosphere transfer scheme that explicitly resolves the energy and water budgets in the 6. Observational capability and
immediate vicinity of the earth's surface. It is currently
enhancements
undergoing extensive testing and enhancement. Part
of this includes the development and testing of an in- a. Background
terface with WATFLOOD, a project that is being carProper observations are needed for climatological
ried out in collaboration with MAGS. The conceptual studies, for model initialization and validation, and for
differences between the two programs have been re- process studies. The observational strategy relies on
solved and the feedback mechanisms have been estab- the use of existing datasets (numerical model outputs,
lished. Parameter estimation work is in progress in satellite, weather, hydrometric, and upper-air observasouthwestern Ontario, on BOREAS watersheds tions), on the enhancement of long-term observations,
(Sellers et al. 1995) and on the Columbia River Ba- and on the collection of additional measurements dursin. The new program, called WATFLOOD/CLASS ing the 1998-99 time period in particular to resolve
will also be tested in the five MAGS research basins the relevant atmospheric, surface, and hydrological
(section 6) with observed meteorological data, modi- characteristics and processes and to allow for the profied to reflect northern conditions as necessary, and duction of critical model validation datasets.
then merged with the atmospheric models used in
The available observations are being exploited to
MAGS.
the maximum extent possible. For example, historical precipitation records have been reviewed, corrected, and used with the hydrometric database to
b. The integrated MAGS model
One of the final products of MAGS will be the generate the mean monthly distribution of precipitaCanadian Regional Climate Model coupled to CLASS tion and runoff over the basin (Mekis and Hogg 1998,
and WATFLOOD and producing acceptable replica- manuscript submitted to J. Climate). A similar procetion of the basin's climate-scale water and energy dure will be used to provide distributed fields for valicycles. As benchmarks of progress toward this goal, dation of the integrated model outputs for the specially
MAGS is establishing criteria for the assessment of selected water years.
success. One of these conditions will be the analyzed
In this section, some of the available or needed
fields from the GEM model, and another will be hy- tools to realize this overall observational-based effort
drometric observations at the Water Survey of Canada are described.
stream gauges throughout the basin. The work will focus on selected water years, including 1998-99 as will b. Current capabilities and ongoing enhancements
be discussed in section 6, and the goal will be to run
There are relatively few observing sites over the
the enhanced CRCM satisfactorily for 12-month pe- Mackenzie Basin (Fig. 11), although the observing
riods without reinitialization of surface fields and with system is at least as good as those of other comparable
a grid size of about 30 km.
areas in terms of latitude and critical processes. For the
study of basin-scale atmospheric water budget studies, the number of sounding sites over the Mackenzie
Bulletin of the American Meteorological Society
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Basin is small, and the number and location of surface
observing sites for parameters such as precipitation
and radiation is also far from satisfactory, although
there are two operational radars covering portions of
the basin. In terms of hydrologic measurements, the
current networks are reasonably capable of measuring
the river runoff. However, there are possibly large errors associated with measurements during some crucial periods. This is especially true during ice-covered
periods in general and it is exacerbated during the ice
breakup in the spring. In addition, budget cuts are forcing the closure of observing sites and the impacts of
these closures need to be assessed.
In support of MAGS, special research sites have
been established in five areas, as shown in Fig. 12.
These sites provide ongoing information on a variety
of atmospheric, surface, hydrological, and subsurface
parameters within regions that typify conditions found
across the Mackenzie Basin as a whole, and they act
as locations for special studies of many of the processes discussed in section 3. It is critical to utilize
these subbasins in the most efficient manner, the establishment of new ones and/or the completion of
observations at present sites is being decided as the
research progresses.
Several new meteorological stations, or improvements of existing ones, are being installed across the
basin (Fig. 12). Each of the stations is equipped to
measure air temperature, humidity, air pressure, wind
speed and direction, precipitation, snow depth, and soil

temperature. All the sites report in real time, operate
as operational sites, and in some cases contain instrumentation for observing soil wetness and/or extra solar radiation information. These stations are located in
data-sparse areas of the basin that are representative
of the different land cover regimes of the Mackenzie
River Basin. The stations are in the vicinity of Fort
Simpson near the center of the basin (wetland discontinuous permafrost regime); Fort Liard (mountainous
regime); the Great Divide, between the Yukon and the
Northwest Territories (barren regime); Yellowknife,
between Great Slave and Great Bear Lakes (tundra
regime); Fort Good Hope in the northern portion of
the basin (forested wetland regime); and Inuvik at the
northern edge of the basin (tundra regime).
The application of radar facilities is crucial to the
success of MAGS. The remote locations of the hydrologically important subbasins and the need to document precipitation dictate this requirement. Along with
the operational facilities, the McMaster University
radar has been upgraded to be able to satisfy the requirements of MAGS for intensive measurement campaigns. This radar, with its X-band fully polarized and
Doppler capabilities, will be able to document
nonprecipitating clouds and snowfall quite well, which
is a critical concern of MAGS.
Extensive use is being made of satellite remote
sensing systems for the determination of critical elements of the basin water budget. A number of critical
atmospheric and surface parameters are being inferred
from satellite measurements down to very small scales.
This includes the assessment of the Global Positioning System for deducing water vapor (see, e.g., Bevis
et al. 1992) and the use of polar-orbiting satellite information to deduce cryospheric parameter such as the
water equivalent of snow (e.g., Goodison and Walker
1993). Other studies are concerned with, for example,
inferring surface temperatures (Goi'ta et al. 1997),
snowmelt characteristics, and surface vegetation and
fluxes. Satellite-based techniques for estimating precipitation over the region are also being used in conjunction with the radar and surface-based measurements.
Surface radiation fields are also being deduced
from satellites. The instruments being used in particular are the Advanced Very High Resolution Radiometer instruments on the National Oceanic and
Atmospheric Administration (NOAA) polar-orbiting
satellites, and the Scanner for Radiation Budget
FIG. 11. The operational network for surface weather obser- (ScaRaB) first flight model instrument, which flew on
vations (black dots) and the priority discharge locations identified the Meteor-3/7 and provided data from March 1994
by MAGS (gray squares). This information is from February 1998. to February 1995 (Kandel et al. 1998). The second mis-
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sion of ScaRaB is scheduled for 1998 and
there will be additional instrumentation
to provide broadband top-of-atmosphere
solar fluxes. From these fluxes, surface
solar radiation budgets will be derived by,
for example, the method of Masuda et al.
(1995).
MAGS analyses are benefiting from
the global datasets being produced by
other components of GEWEX. For example, International Satellite Cloud
Climatology Project (as described by
Schiffer and Rossow 1991) data are being examined to study cloud fields over
the Mackenzie Basin, and at the same
time these datasets are being assessed for
their accuracy. Other datasets from
the Global Precipitation Climatology
Project (as described by Huffman et al.
1997), the GEWEX Water Vapor Project
(as described by Randel et al. 1996), and
the International Satellite Land Surface
Climatology Project are also being used
for MAGS analyses and at the same time
their accuracy is being assessed.
Enhanced stream discharge measurements are required during the spring
breakup period at critical locations, inFIG. 12. A schematic diagram illustrating the locations of enhanced surface
cluding the main channel of the Mackenzie observations, research basins, and some of the additional measurements for the
River as well as rivers within research Canadian GEWEX Enhanced Study (CAGES).
subbasins. For the main channel, the primary need is on the Mackenzie River at
Arctic Red River. At this site, a combination of inSummer phase: It is critical to better quantify
tensive observations of water level and ice jam thick- evapotranspiration over the widely varying terrain,
ness along a jam section, in conjunction with including lakes, of the basin during this period. In adhydraulic modeling activities, is required. If possible, dition, there is real concern that the diurnal cycle is not
such techniques should also be applied to tributaries being adequately handled within large-scale models.
such as the Athabasca, Peace, Liard, and Peel Rivers. Both of these issues will be addressed through special
measurements at various locations over the basin in
the summers of 1998 and 1999.
c. CAGES
Autumn phase: In this phase, the focus will be on
For greater confidence in the initialization and validation fields for modeling efforts and remote sensing the water vapor transport into the basin and the genstudies, a 14-month-long effort over the 1998-99 pe- eration of snow over the important Liard Subbasin. An
riod with enhanced observing periods will be under- enhanced period (of a few weeks) of continuous
taken. This effort is referred to as CAGES (Canadian 6-hourly soundings is planned. Within this overall peGEWEX Enhanced Study) and it should provide a riod of more frequent soundings, the McMaster Univerhigher degree of confidence in aspects of the water and sity radar will be located near Fort Simpson, close to
energy budget parameters than available with routine the center of the basin and within the Liard Subbasin. The
measurements (Fig. 12). The factors affecting the radar will assist in providing information on precipibasin's water and energy cycles vary substantially with tation and its variations down to scales of a few hundred meters out to about 150 km, even in snow.
season.
Bulletin of the American Meteorological Society

2665
Unauthenticated | Downloaded 01/09/23 12:36 PM UTC

Winter phase: During the cold period of the year,
the water budget is dominated by meteorological forcing that is different from that experienced in the autumn. Critical questions are concerned with the
transport and evolution of marginal moisture in the atmosphere and the manner in which water is made
available from the surface through, for example, periods of blowing snow. The observational focus of this
phase will be to monitor changes in the basin snowpack, to use radar to document lower atmospheric
cloud fields, and to examine blowing snow episodes.
Spring phase: The main focus of the spring phase
is to more quantitatively assess snowmelt and its associated discharge. Special observations will be made
of surface snow in the Liard Subbasin and near Inuvik
in particular and there will be a special effort to better
measure discharge at different locations within the
Mackenzie River system. The snowmelt period will
also be studied at Inuvik and over other areas with the
National Research Council of Canada Twin Otter instrumental aircraft to better assess regional-scale nearsurface fluxes.
7. Data management
Accomplishment of the major scientific objectives
of MAGS requires the development of a comprehensive and accessible observational database for the
Mackenzie River Basin and adjacent areas. To achieve
this, three MAGS data centers have been established.
Canadian weather prediction model output are
archived at the Canadian Meteorological Centre in
Dorval, Quebec. Special observations from many instruments as well as some long-term remote sensing
information are archived at the Atmospheric Environment Service in Downsview, Ontario. Special hydrological datasets associated with the research watershed
studies will be archived at the National Hydrology
Research Centre in Saskatoon, Saskatchewan. Nearreal time electronic communications are being used extensively to meet the needs of MAGS researchers.
A great deal of information dealing with MAGS is
available through this approach on the World Wide
Web (http://www.tor.ec.gc.ca/GEWEX/).
It is envisioned that there will eventually be several series of MAGS archived data. These will be organized into categories such as information on a
particular phenomenon, information on an extended
measurement experiment, and information on seasonal
to annual descriptions of the basin's climate system.
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8. Concluding remarks
The Mackenzie GEWEX Study is a Canadian effort dealing with important issues of the water and
energy cycles of changing cold region climate and hydrological systems. Substantial progress has already
been made on identifying and addressing key scientific issues facing the effort and there is a coordinated
observational and modeling strategy in place to successfully carry out the entire program. A critical part
of this strategy focuses on understanding the processes
occurring during water years and properly accounting
for these within our regional climate model having full
coupling between atmospheric, land surface, and hydrological processes.
On the realization of its first phase, MAGS will
leave major legacies. These include, for example, an
increased understanding of a northern and changing
climate system, improvements in models and observational techniques applicable to a northern region, the
synthesis of a number of datasets for analysis and
model validation studies for the global climate community, and a group of researchers (Table 3) experienced in the examination of such a climate system.
These advances and products will be a major benefit
to Canada directly and they will be important Canadian contributions to international climate science.
Any subsequent effort within Canada addressing
the climate of its northern regions and/or the predictability of water availability and associated issues can
begin on this solid foundation. In fact, MAGS itself
will evolve to focus more directly on predictability
issues.
In summary, MAGS is playing a crucial role in
addressing cold climate system processes that will
have beneficial applications to Canada in particular but
to other areas of the world as well.
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