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ABSTRACT

The liquid and frozen hydrological budgets and the surface energy budget from seven subbasins of the
Mackenzie River are analyzed using hourly integrals from the operational European Centre for Medium-Range
Forecasts model from September 1996 to August 1998. The model budgets give estimates of precipitation (rainfall
and snowfall), surface evaporation (of water and snow), runoff, and melt terms in the spring. On a basin scale
and monthly timescale, the model precipitation correlates well with observations but has a 40% positive bias.
On an annual basis, evaporation has a 60% positive bias. Although the annual runoff for the Mackenzie as a
whole is close to the annual stream flow, this condition is not true for the subbasins. In the liquid water budget,
nudging of soil water compensates for basin errors in runoff. The model snow budget is not closed because
each new snow analysis depends heavily on climatological means. The surface energy balance on the basin
scale also is analyzed. Although the model gradients of net radiation probably are realistic, the model evaporation
bias means that sensible heat flux is negatively biased, especially in spring.

1. Introduction

The Global Energy and Water Cycle Experiment
(GEWEX) has chosen several regions and river basins
for study around the globe. One of these, the Mackenzie
River GEWEX Study (MAGS) was chosen because the
freshwater budget of the Arctic is an important com-
ponent of the high-latitude climate system. The key ob-
jectives of MAGS (Stewart et al. 1998) are to understand
and to model the hydroclimate behavior of this northern
river and its subbasins, which flow from the North
American continent into the Arctic Ocean. The Mac-
kenzie basin is large (drainage area of 1.8 3 106 km2),
and surface and upper-air observations are relatively
sparse, so models are essential to estimate the surface
energy and water balance over the annual cycle. This
paper summarizes the liquid and frozen surface water
and energy budgets from the European Centre for Me-
dium-Range Forecasts (ECMWF) operational model for
two years from 1 September 1996 to 31 August 1998
for seven subbasins of the ECMWF model, shown in
the model coordinate framework in Fig. 1. The budgets
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in this paper were not computed from the standard
6-hourly gridpoint operational archive. The ECMWF
analysis system has the additional capability of archiv-
ing averages for grid points within quadrilaterals at
hourly time resolution during the analysis cycle, pro-
vided the basins are defined beforehand. In the opera-
tional analysis cycle, these hourly basin integrals are
stored for the daily forecasts from the 1200 UTC anal-
ysis time. For these MAGS basins, hourly basin inte-
grals for the quadrilaterals shown were combined from
the 11–35-h forecasts (made from the 1200 UTC anal-
ysis time every day) to give a continuous hourly time
series of surface meteorological variables and accu-
mulated surface energy and water fluxes. In Fig. 1, basin
1 is the Peel River and Mackenzie delta, basin 2 is the
Great Bear Lake subbasin, basin 3 is the Great Slave
Lake subbasin, basin 4 is the Liard River, basins 5 and
6 are eastern and western sections of the Peace River,
and basin 7 is the Athabasca River. The model integrals
include all grid points (shown as shaded dots) within
each quadrilateral, so that some approximation of the
basin areas is involved. Note that the number of grid
points on a latitude circle decreases toward the poles.
Table 1 lists the basin drainage areas and their approx-
imation in the ECMWF model. All the results will be
presented as area averages, based on the model areas
for model results and the basin drainage areas for ob-
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FIG. 1. Representation of seven subbasins of the Mackenzie River
by curvilinear quadrilaterals in the ECMWF operational model. The
dots are the model physics land grid points; open squares are water
points.

TABLE 1. Mackenzie subbasin drainage areas and their model
approximation.

Subbasin
Drainage area

(km2)
ECMWF model area

(km2)

1 Peel/Delta
2 Great Bear Lake
3 Great Slave Lake
4 Liard
5 Peace (E)
6 Peace (W)
7 Athabasca

117 127
421 191
378 245
273 395
186 237
132 873
285 111

106 950
344 630
421 489
283 828
260 712
186 007
228 839

Total 1 791 857 1 832 455

servations. Basin 7 for the Athabasca is represented
poorly because the model curvilinear coordinates were
mistakenly not considered properly in the initial defi-
nition. For the Peace River drainage, the partition into
eastern and western sections corresponding to the model
quadrilaterals also is approximate. Improvements will
be made in the representation of the subbasins in future
reanalyses.

Similar recent studies that used nine years of the
ECMWF 15-yr reanalysis (abbreviated as ERA-15) have
been completed for the subbasins of the Mississippi
(Betts et al. 1998a, 1999a). Although the hydrometeo-
rological behavior of the Mississippi differs consider-
ably from that of the Mackenzie, some of the model
issues are global in nature. Others, in particular the er-
rors in the representation of the frozen hydrological pro-
cesses and the boreal forests in the model, are much
more important for the Mackenzie. These papers showed
that, for the Mississippi basin as a whole, the monthly
model precipitation for the 12–24-h forecast, when com-
pared with gridded rainfall observations, had a positive
bias of about 20% and a correlation coefficient of over
90%. For the subbasins, the biases were more variable,
and the correlation was a little lower. For the Mackenzie
basin, precipitation observations are less dense than they
are over the Mississippi basin, and the annual snowfall
is much higher (and more difficult than rainfall to mea-
sure accurately), so that the rainfall and snowfall fore-
cast by a high-resolution model may give useful esti-
mates of precipitation at high spatial and temporal res-
olution. However, the density of upper-air observations
used in the analysis cycle also is lower over the Mac-
kenzie (one per 300 000 km2) than over the Mississippi

(one per 140 000 km2). In addition, we have reason to
believe the evaporation errors are larger over the boreal
forest than over the central United States, which intro-
duces a larger systematic bias in the precipitation (see
below). These same papers concluded that the runoff in
the ECMWF model (which is all deep runoff from the
base layer, because the surface runoff scheme is not
activated) is less than the observed stream flow for the
Mississippi basins. They also showed how the nudging
of soil water plays an important role in the modeled
liquid hydrological budget. It prevents long-term drifts
of soil water, but it also attempts to compensate for
model systematic errors in evaporation and runoff. Betts
et al. (1999a) discussed briefly the model’s frozen hy-
drological budget for the upper Mississippi basin. The
model frozen hydrological budget is not in balance, be-
cause there is a new snow analysis at each analysis time,
based on observations and climatological mean values.

A recent extensive study of Arctic precipitation and
evaporation (Walsh et al. 1998) that compared 10-yr
runs from 24 climate models with observations found
that most of the models overestimated the precipitation
over the American watershed of the Arctic Ocean. The
climate model runs came from the Atmospheric Model
Intercomparison Project (AMIP) for the period of 1978–
88. Walsh et al. (1998) also found that the difference
between precipitation and evaporation (P 2 E) gener-
ally was overestimated by the climate models at high
latitudes. One of the AMIP models was a low-resolution
version (T-42) of the ECMWF model with the land sur-
face scheme of Blondin (1991), an earlier version than
the one used in this study (see section 1a). Precipitation
over the American watershed of the Arctic Ocean in the
ECMWF AMIP output was much higher than climate
values, but P 2 E was slightly lower than the observed
mean stream flow of the Mackenzie River. This positive
precipitation bias is present in this study with a later
version of the operational model, and some of the causes
and the model improvements under development will
be discussed.

Using a Cressman analysis of radiosonde data and
rain gauge observations, Walsh et al. (1994) estimated
the atmospheric moisture convergence and precipitation
and obtained evaporation as a residual for 18 years over
the Mackenzie River basin. The annual mean values are
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249, 336, and 87 mm, respectively, but the range of
interannual variability is about 650% of the annual
mean. Mean monthly moisture convergence in summer
is small and positive, but values for any given year can
range from 220 to 30 mm, implying that climatological
means are not representative of a given year.

Stendel and Arpe (1997) compare the precipitation of
ECMWF and National Centers for Environmental Pre-
diction–National Center for Atmospheric Research
(NCEP–NCAR) atmospheric reanalyses over the Mac-
kenzie River basin with rain gauge–based climate
means. ERA-15 monthly mean precipitation ranges
from 22 mm in winter to 50 mm in summer, with a 10%
positive bias when compared with the climate values;
NCEP–NCAR winter values are similar to those of
ERA-15, but summer values are close to 100 mm
month21. ERA-15 values of runoff compare well with
stream flow measurements (Stendel and Arpe 1997).

This paper will discuss the model liquid and frozen
hydrological budgets and surface energy balance for the
Mackenzie basin, a GEWEX study area with relatively
sparse data sources. In addition to the use of climato-
logical validation data for the Mackenzie, corrected pre-
cipitation averages for six subbasins for the first 16
months (September 1996–December 1998) derived for
MAGS by Hogg et al. (1996) and stream flow data for
a similar period were available. These data, together
with a study comparing the model with a long time series
of tower flux measurements over the boreal forest, are
sufficient to confirm the precipitation and evaporation
biases in the model. When the 1998 precipitation and
stream flow data become available in a year or so, output
from the new ECMWF 40-yr reanalysis (ERA-40)
should be available for a longer-term comparison.

a. ECMWF model land surface scheme

The current land surface scheme (Viterbo and Bel-
jaars 1995) became operational in August 1993. The
nudging of soil water based on short-term forecast errors
in low-level humidity was introduced in November 1994
(Viterbo and Courtier 1995). This nudging is an addition
of soil water to the model root zone, which is necessary
to prevent the downward drift of soil water brought
about by model errors, including the low rainfall in the
6-h analysis cycle (which in turn is related to the fact
that the model dynamic fields take at least 24 h to ‘‘spin
up’’ to an equilibrium in which the model hydrologic
cycle is in close balance). As a result, however, the
model analysis cycle does not conserve water. Soil water
freezing and a revised stable boundary layer were in-
troduced in September 1996 (Viterbo et al. 1999), and
the albedo model for the boreal forests was changed in
December 1996 (Viterbo and Betts 1999). This Decem-
ber 1996 change reduced the albedo of the boreal forests
in the presence of snow from 70%–80% to about 20%.
The albedo calculation after December 1996 accounts
for the forested areas, but the evaporation calculation

for snow (which is based on a potential evaporation
calculation at the model skin temperature) is not aware
that the snow is shaded partially by the canopy. This
lack leads to high snow evaporation in the model (Betts
et al. 1998b). A large part of the Mackenzie basin is
boreal forest. The ECMWF model for the 1996–98 time
period calculates evapotranspiration by using only a sin-
gle vegetation type (nominally grassland). The surface
evapotranspiration algorithms do not allow for the tight
stomatal control of coniferous forests (Jarvis et al. 1997;
McCaughey et al. 1997), so the model evaporative frac-
tion is higher in summer than is observed at a boreal
spruce forest site (Betts et al. 1998b). Although soil
freezing was introduced into the model thermal budget,
no change has been made yet to the model hydrological
processes, so soil water continues to drain in winter even
when the soil is frozen. The analysis covers only two
years, September 1996–August 1998, because the only
change in the ECMWF land surface model during this
period was the snow albedo change in December 1996,
and this change had limited impact, since it was made
early in the winter. We intend to analyze a longer period
using ERA-40 data, which are based on an improved
snow and forest model.

The deficiencies pointed out above will be addressed
in a substantial revision of the land surface model that
is currently under development for ERA-40. An optimal
interpolation scheme (Douville et al. 2000) will replace
the current nudging scheme to initialize soil water. A
‘‘tile’’ scheme will be used for the soil–vegetation–at-
mosphere interface. Each land grid point will be divided
into a maximum of six fractions (shaded and exposed
snow, snow-free low and high vegetation, wet canopy,
and bare soil), and each fraction will have a separate
energy balance, that is, separate skin temperatures and
surface fluxes. A low and high dominant vegetation type
will characterize each point, with appropriate evapo-
rative control functions. A new snow model will have
prognostic albedo, density, and temperature, in addition
to the current evolution equation for snow mass.

b. Available observations

The observations available to validate the model are
limited. In addition to the climatological precipitation
and stream flow for the Mackenzie, monthly basin-av-
eraged corrected precipitation (Hogg et al. 1996) for the
years 1996–97 is available. Monthly stream flow data
for the same years are available also and have been used
to estimate both the annual stream flow for most of the
subbasins and the monthly stream flow for the Mac-
kenzie as a whole. The data for 1998 are not available
yet. For comparison with model runoff, all stream flow
estimates were converted to mm by dividing by the area
drained by a given gauge. Table 2 lists the gauges, with
their location and drainage area, and for which basin
comparisons they were used.

We estimated the monthly stream flow (converted to
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TABLE 2. Stream flow gauges used for basin estimations.

Gauge Location
Drainage

(km2) Basin estimation

10LC014 Mackenzie River at Arctic Red River 678279300N, 1338449410W 1 680 000 Mackenzie, sum of 2, 3, 4, 5, 6, 7
10MC002 Peel River above Fort McPherson 678149560N, 1348529590W 70 600 Mackenzie and 1
10LA002 Arctic Red River near the mouth 668479240N, 1338049540W 18 600 Mackenzie and 1
10GC001 Mackenzie River at Fort Simpson 618529070N, 1218219250W 1 270 000 Sum of 3, 4, 5, 6, 7
10ED002 Liard River near the mouth 618449340N, 1218139400W 275 000 4
07KC001 Peace River at Peace Point 598069500N, 1128259350W 293 000 5 1 6
07HA001 Peace River at Peace River 568149410N, 1178189460W 186 000 6
07DA001 Athabasca River below McMurray 568469500N, 1118249000W 133 000 7

FIG 2. Two-year monthly average precipitation, snowfall, evapo-
ration, snowmelt, and runoff for the Mackenzie from the ECMWF
model, and climatological stream flow.

mm month21) for the Mackenzie River near its mouth
by summing the first three subbasins in Table 1. For all
the subbasins except basin 2 (Great Bear Lake), esti-
mates of the annual stream flow (converted to mm by
dividing stream flow by drainage area) from selected
gauges were made as indicated in Table 2. Basin 1 was
estimated by summing the Peel River and Arctic Red
River (which does not include the Mackenzie delta). For
basin 2, the Mackenzie River flow at Fort Simpson was
subtracted from that at the Arctic Red River. For basin
3 no estimate is available, primarily because of missing
data at the Mackenzie gauge near Fort Providence (not
shown). The Liard River gauge near the mouth is rep-
resentative of that basin. The Peace River at Peace Point
gives the sum for basins 5 and 6. An estimate for the
western half of the Peace basin was made from the gauge
at Peace River. An estimate for the eastern basin 5 was
then found by taking a difference. The last gauge was
used as representative of the Athabasca basin, although
it has a smaller drainage area than the model basin,
which is displaced a little to the south.

2. Mackenzie basin monthly surface hydrological
description

Results for the entire Mackenzie basin, the two-year
average, the separate liquid and frozen budgets (includ-
ing a comparison of model runoff and stream flow), and
the comparison of modeled and observed precipitation
will be shown first.

a. Two-year mean annual cycle in the model

Figure 2 shows key terms in the modeled mean hy-
drological budget for the whole Mackenzie basin (mm
month21). A two-year average is given for the whole
basin. The heavy solid line is the annual cycle of pre-
cipitation, showing a summer maximum of around 100
mm month21. From November to March, almost all this
precipitation is snowfall in the model (heavy short dash-
es). Evaporation (thin solid line) is plotted as negative
and is subdivided into liquid evaporation and evapo-
ration of snow, which has an April peak. Snowmelt,
which also has a large April peak in the model (near
80 mm month21) is shown with long, heavy dashes. The
model runoff (labeled as R and plotted as negative)
peaks a month later, in May; this runoff is all drainage
from the model’s deepest layer, which is parameterized
to increase rapidly once a threshold soil water is reached
in the model base layer (100–289 cm). Although the
model has a surface runoff parameterization, it hardly
ever is activated, because of an inadequate representa-
tion of subgrid-scale precipitation. There is no river
routing scheme in the current ECMWF model. For com-
parison, the climatological stream flow (1972–90 mean)
of the Mackenzie River above the Arctic Red River,
which peaks a month later (in June), is shown. Although
the spring peak is a month early, the model runoff for
these two years is comparable to (but a little higher than)
the observed climatological stream flow. A recent study
by Oki et al. (1999) shows that using a simple model
to route gridded runoff delays the spring runoff peak
for the Mackenzie by about one month, into June, as
observed.
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TABLE 3. Monthly hydrological balance for Mackenzie basin from the ECMWF model. Obs. 5 observed data.

Year Month
Obs.

precip Precip Rain Snow Evapliq Evapsnow Melt Runoff
Obs. stream

flow D(SW) D(SWEanal) Sliq Sfrozen Stotal

1996
1996
1996
1996
1997
1997
1997
1997
1997
1997
1997
1997

9
10
11
12

1
2
3
4
5
6
7
8

59.1
37.4
31.3
29.6
22.3
16.4
24.3
18.0
34.1
82.0
78.7
51.9

66.1
46.4
26.0
22.8
26.0
22.8
41.5
44.8
60.4

104.8
118.2

74.0

59.3
20.9

3.9
1.6
3.6
4.2
5.8

17.6
43.7

103.8
118.0

73.7

6.9
25.5
22.0
21.2
22.4
18.7
35.7
27.3
16.6

1.0
0.2
0.3

237.6
212.1
20.3

0.0
0.0
0.0

20.1
23.6

239.2
282.6
289.4
270.9

20.7
24.5
25.0
22.1
21.7
26.4

220.8
236.7
220.1
20.7

0.0
0.0

0.2
0.7
0.0
0.0
0.0
0.0
7.1

67.9
61.1

5.0
0.0
0.0

214.4
217.6
213.0
210.3
28.4
26.6
26.6
29.6

242.9
229.2
221.8
221.4

224.1
215.8
26.9
28.3
28.8
26.8
27.0
26.3

229.5
238.7
232.3
229.8

6.7
2.8

213.0
28.3
25.9
24.4

1.3
55.0

8.4
210.9
22.7
24.1

0.3
16.8
43.3
28.4
16.9

22.5
0.1

236.0
259.7
27.8

0.0
0.0

0.8
211.0

3.7
20.3

1.1
1.9
4.9

17.2
14.4

7.9
9.6

214.4

5.6
3.5

226.3
29.2

3.7
14.7

7.6
241.2
24.9

3.1
0.1
0.2

6.4
27.5

222.6
29.6

4.8
16.6
12.5

224.1
9.4

11.1
9.8

214.2
1996/97 485.1 654.0 456.3 197.7 2336.0 298.7 142.1 2201.8 2214.3 24.8 0.0 35.8 243.2 27.4
1997
1997
1997
1997
1998
1998

9
10
11
12

1
2

53.3
44.8
17.4
24.4

77.5
70.6
23.5
38.7
19.9
18.5

70.6
31.3

6.4
6.6
2.1
3.3

6.9
39.3
17.1
32.1
17.8
15.2

237.4
212.0
21.2
20.2

0.0
0.0

20.6
26.6
26.1
27.5
21.3
24.7

0.9
2.9
0.7
0.0
0.0
0.0

224.6
220.9
215.0
210.5
28.4
26.4

222.2
218.4

27.4
210.6
216.9
210.2
27.3
24.2

0.5
9.6

18.8
25.2
31.7
16.9

17.0
12.0

7.8
6.0
1.0
1.1

4.9
20.1

28.4
20.6

215.2
26.4

21.8
32.1

20.6
5.4

214.2
25.4

1998
1998
1998
1998
1998
1998

3
4
5
6
7
8

25.5
33.8
51.3
93.0
96.0
70.9

5.7
18.6
46.0
92.6
95.6
70.4

19.8
15.2

5.3
0.4
0.3
0.5

20.3
210.7
262.4
286.3

2100.9
281.9

221.7
228.9
28.5
20.3

0.0
20.1

10.1
105.5

41.0
2.4
0.0
0.0

26.3
216.5
246.6
221.6
221.4
218.2

4.7
71.1

236.0
14.9

28.1
2.6

29.0
244.7
246.0
23.0

0.0
0.0

4.4
25.8
14.0

227.8
218.5
232.3

23.0
274.5

1.8
0.7
0.3
0.4

1.4
248.7

15.8
227.1
218.2
231.8

1997/98 619.2 449.3 169.9 2393.3 286.2 163.6 2216.2 27.2 0.0 10.5 279.9 269.4

b. Monthly liquid and frozen hydrological budget for
the Mackenzie River

Table 3 shows the key terms in the ECMWF model’s
monthly liquid and frozen hydrological budget for the
entire Mackenzie basin, as well as two columns for the
observed precipitation and stream flow. The annual to-
tals for the two ‘‘water years,’’ each from September to
August, are included. The balance of terms in the liquid
hydrological budget is given by

Residual 5 LiquidO
5 [Rain 1 Melt 1 Evap 1 RunoffO liq

2 D(SW)]. (1)

The sign convention is that Rain and Melt, which supply
liquid water at the surface, are positive, and Evapliq and
Runoff are negative in Eq. (1) and Table 2. Further,
D(SW) is the total soil water storage change.

Figure 3 shows the two-year cycle of these terms in
the modeled liquid hydrological budget: rainfall, snow-
melt, runoff, liquid evaporation, soil water storage
change, and the residual for the whole Mackenzie basin.
The x axis is year and month, with ‘‘97’’ marking Jan-
uary 1997. Snowmelt initially recharges the soil water
reservoir in April and then runs off through deep drain-
age (in the model) in May. The observed stream flow
(for the time period for which data are available) is the
thin solid line, which peaks a month later, in June. For
1996/97, the annual runoff and stream flow are close
(Table 3), but this result is not true for the subbasins

(see section 3a). Snowmelt came earlier in the model
in 1998 than in 1997 (because air temperatures were
higher), and the spring runoff peak was a little higher.
The modeled liquid hydrological behavior is not, how-
ever, conservative. The liquid residual from (1) is shown
as dotted, and it is largest in the warm season. The
annual sum of the liquid residuals is

Residual 5 456 1 142 2 336 2 202 2 25O
5 36 mm for 1996/97

5 449 1 164 2 393 2 216 1 7

5 11 mm for 1997/98.

The residual is about 3%–10% of the rainfall in these
two years.

This liquid hydrological budget is not in balance for
two reasons: the spinup of the model hydrologic cycle
and the imbalance in the model analysis cycle. The mod-
el analysis cycle is not closed, because soil water is
added through a nudging term calculated from short-
term forecast errors in the humidity at the lowest model
level, as discussed above in section 1a. In fact, the nudg-
ing also appears to compensate for other errors in the
model physics in evaporation and runoff (Betts et al.
1998a, 1999a). For the Mackenzie subbasins, the anal-
ysis cycle terms were not all archived, so an estimate
for the addition of water by nudging or for the rainfall
in the analysis cycle is not available. Based on these
earlier studies (Betts et al. 1998a, 1999a), the rainfall
in (1), which is from the 11–35-h forecast, may be on
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FIG. 3. Key terms in the monthly liquid hydrological budget for
the Mackenzie from Sep 1996 to Aug 1998, and observed stream
flow.

FIG. 4. As in Fig. 3 for key terms in the frozen hydrological
budget.

the order of 25% greater than the rainfall in the analysis
cycle. These two earlier studies (of the Mississippi ba-
sins) showed that the terms other than precipitation have
a much smaller spinup in the first 24 h of the model
forecast.

The model frozen hydrological balance in Table 3 is
given by

Residual 5 FrozenO
5 [Snowfall 2 Melt 1 EvapO snow

2 D(SWE )]. (2)anal

The sign of the melt term is negative in this equation
since it removes snow. The term D(SWEanal) is the
change in the snow water equivalent (SWE in milli-
meters of water) of the snowpack in the analysis. Figure
4 shows the budget terms, Snowfall, Melt, and Evapsnow

on the left-hand scale. On the right-hand scale are two
estimates of snowpack SWE. The model has an inde-
pendent snow analysis at each model analysis time,
based on observations of snow cover and snow depth
where available (otherwise based on climatological
means). These analysis values SWEanal are shown (light
solid line) for the end of each month. For each winter,
the accumulated sum of the model source and sink terms
also are shown as a model calculation of the corre-
sponding snow water equivalent at the end of each
month (light dotted line)

SWE 5 (Snowfall 2 Melt 1 Evap ). (3)Ocalc snow

During the accumulation phase (October–March), the
‘‘analysis’’ snowpack and the calculated SWE are in
fair agreement (for the basin as a whole). The sum of
the model terms, however, representing loss of snow
(2Melt 1 Evapsnow) in April and May greatly exceeds
SWE at the end of March, whether based on analysis
or model calculated, with the largest error in April. That

the subbasins differ in this error signature will be shown
later. Mahfouf and Viterbo (1996) discuss the ECMWF
snow analysis scheme and its dependence on a rather
poor low-resolution snow mass climate description de-
veloped by Brankovic and van Maanen (1985). Mahfouf
and Viterbo (1996) also show examples over the French
Alps, where the spring snowmelt occurs too early in the
model.

The annual sum of the frozen residuals is

Residual 5 198 2 142 2 99O
5 243 mm for 1996/97

5 170 2 164 2 86

5 280 mm for 1997/98.

Spring snowfall was less in 1998 than in 1997, and the
melt came earlier, because air temperatures were higher,
as mentioned above. Snow losses exceed snowfall by
20% the first year and by 45% the second year; this
large imbalance is possible because of the independent
snow analysis. The next section will show that the im-
balance differs among the subbasins.

The sum of the residuals is the last column in Table
3:

Total 5 [Precip 1 Evap 1 Evap 1 RunoffO O liq snow

2 D(SoilWater) 2 D(SWE )]anal

5 2654 2 336 2 99 2 202 2 25

5 27 mm for 1996/97

5 2619 2 393 2 86 2 216 1 7

5 269 mm for 1997/98. (4)

The residuals in the liquid and frozen budgets partly
cancel, so that the annual total precipitation, evapora-
tion, and runoff from these 11–35-h forecasts balance
to within about 10% of the precipitation.
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FIG. 5. (a) Comparison of ECMWF precipitation for Mackenzie
with observations, and ratio of the two. (b) Scatterplot of monthly
ECMWF precipitation versus observations for the subbasins, sub-
divided by season.

The modeled annual precipitation for these two years,
on the order of 640 mm, is substantially more than the
recorded mean annual precipitation for the Mackenzie
for the period 1961–90, which increases from below
300 mm in the north to over 600 mm in the southwest,
with an estimated mean of 410 mm yr21 (Stewart et al.
1998), although there is observational uncertainty be-
cause of inadequate sampling and gauge measurement
errors in winter (Goodison 1978). For the water year
1996/97, the total model precipitation is 35% higher
than the total corrected precipitation for the Mackenzie
basin. For 1996 and 1997, precipitation observations
are available for comparison.

c. Comparison of model with Mackenzie precipitation
observations

Figure 5a compares precipitation from the model with
corrected monthly observations (from Hogg et al. 1996)

for the Mackenzie and six subbasins for the first 16
months, September 1996–December 1997. Corrected
observations for 1998 are not available yet. The upper
panel for the whole Mackenzie shows that the model
has considerably more precipitation than do the obser-
vations, confirming the climatological comparison. The
ratio of model precipitation to observed precipitation
(dotted line) peaks at 2.5 in April 1997 (when the snow
evaporation peaks in the model) and averages about 1.4
for the rest of 1997. The overestimate of precipitation
is consistent with the model having too much evapo-
ration in spring and summer (Betts et al. 1999b) over
the boreal forest, and there being large evaporation–
precipitation feedback. During 1996, before the reduc-
tion in the model forest albedo with snow (which af-
fected the surface energy balance), there is some indi-
cation that the model precipitation bias was smaller. This
evidence is consistent with the comparison of the pre-
cipitation in the ECMWF reanalysis over the Mackenzie
River basin with rain gauge–based climatological data
in Stendel and Arpe (1997).

Figure 5b is a scatterplot of the monthly basin pre-
cipitation from ECMWF versus observations for 1997,
grouping the data into winter, spring, and summer–fall.
Basins 5 and 6 have been combined into a single Peace
River basin for this comparison with observations. The
linear regression line has a slope of 1.39 6 0.04 with
an R2 (correlation coefficient) of 0.78. In general, no
significant difference in bias could be distinguished be-
tween basins, or between winter or summer, with this
one-year comparison. However, the spring points (for
March, April, and May except for the colder northern
basins 1 and 2 in March) lie on or above the regression
line, confirming that the larger model bias in spring was
seen in all basins.

3. Interbasin variability

In addition to variability between the two years, the
model shows the interbasin differences. Table 4 sum-
marizes terms in the annual mean basin hydrological
budget by hydrological year and by basin. The two col-
umns marked ‘‘obs.’’ are the observed precipitation and
stream flow for the periods and basins for which they
are available. Annual precipitation increases from north-
east to southwest as observed, although, as mentioned
earlier, the model precipitation is higher than the ob-
servations by about 40% for all basins. The model run-
off increases from about 20% of precipitation for the
northern basins to about 45% of precipitation for the
southern basins 5, 6, and 7. However, this variability in
model runoff bears no relationship to the annual stream
flow differences. There are also large residuals in both
the liquid and frozen hydrological budgets for some
basins. Runoff errors and residuals are related and are
discussed in the next section. In the liquid hydrological
budget, the residuals are largest in summer, and in the
frozen budget the largest errors are at spring melt, as
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TABLE 4. Liquid and frozen hydrological budget terms by year and by basin. Obs. 5 observed data.

Year Basin
Obs.

precip. Precip Rain Snow Evapliq Evapsnow Melt Runoff
Obs. stream

flow D(SW) Sliq Sfrozen Stotal

1996/97 1
2
3
4
5
6
7

368
381
409
550
620
620
562

511
437
541
793
735
956
744

315
293
410
539
553
562
556

197
144
131
254
182
394
188

2228
2246
2348
2299
2411
2335
2428

243
268

2106
276

2121
2136
2128

59
133
113
130
155
269
147

2100
297

2119
2172
2305
2397
2321

2357
2168

2343
2179
2400
2229

219
230

65
2

36
12
79

64
115

210
195

274
86

2125

95
258
287

48
294
210
287

159
57

297
243

2168
75

2211
1997/98 1

2
3
4
5
6
7

579
494
519
736
586
927
654

393
366
395
510
457
587
507

186
128
124
226
129
340
147

2281
2325
2407
2349
2486
2384
2482

242
251
278
274

2110
2144
2117

84
178
121
135
183
283
174

2142
2110
2143
2157
2288
2441
2354

31
96

24
230
284
225
258

21
13

230
169

251
70

298

61
2101
274

17
2164
286

2143

82
288

2105
186

2215
217

2241

FIG. 6. (a) Comparison of ECMWF runoff and observed stream
flow for Mackenzie River and six subbasins for 1997 water year. (b)
Comparison of total ECMWF evaporation and evaporation estimated
from observed precipitation and stream flow for 1997 water year.

discussed previously, although there is a secondary
maximum in fall for some basins (not shown). There is
no change in SWEanal on an annual basis, so this term
is omitted.

a. Basin comparison of ECMWF runoff and
evaporation with annual stream flow and estimated
evaporation

A detailed monthly comparison between the ECMWF
runoff and the observed stream flow is not worthwhile,
because the current model has only drainage from the
lowest model layer and no river routing scheme. Figure
6a compares annual runoff and stream flow (both plotted
as positive) for the first water year, September 1996/
August 1997. It is clear that the variability in model
runoff on an annual basis across the basins bears no
relationship to the stream flow differences, even though
for the Mackenzie as a whole (point M), model runoff
and observed stream flow are close. In the Mississippi
studies, model runoff was less than observed stream
flow by a factor of roughly 2 (Betts et al. 1998a, 1999a).
However, Fig. 6a suggests that the large liquid residuals
of opposite sign in Table 4 may be associated with model
runoff errors. Basins 5 and 7, with runoff higher than
stream flow, have negative liquid residuals, which is
consistent with having nudging supply water to the liq-
uid budget. Basins 2 and 4, with less runoff than stream
flow, have roughly compensating positive residuals,
consistent with having nudging remove water. Basin 1
is an outlier in Fig. 6a (and Fig. 6b), perhaps because
the high observed stream flow per unit area represents
only the mountainous area of basin 1.

On an annual basis, basin evaporation can be esti-
mated from the observed precipitation and stream flow
data as

Evap (Estimated) 5 Precipobs 2 Streamflowobs, (5)

by ignoring basin-scale storage changes of water. Figure
6b compares Evap (Estimated) with the annual model
total evaporation:
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FIG. 7. (a) Monthly distribution of model precipitation for the seven
subbasins. (b) As in (a) for the fraction of precipitation that falls as
snow.

Evap (ECMWF) 5 Evapliq 1 Evapsnow. (6)

The dotted line has a slope of 1.6, showing that, on an
annual basis, the model evaporation exceeds the ob-
served estimate from (5) by about 60%. For basin 1,
which lies far off the line, it is clear that the evaporation
estimate from (5) is too low, perhaps because the catch-
ment area for the stream flow estimate is smaller (and
more mountainous) than the total area of basin 1 (which
includes the Mackenzie delta), for which mean precip-
itation is available.

b. Monthly surface hydrological budget by basin

Figure 7a shows monthly precipitation for the seven
subbasins from the model. Basin 6, the western section
of the Peace River, which originates in the Rocky Moun-

tains, has the most winter precipitation; the northern and
eastern basins (basins 1–3) have the least. Summer rain-
fall is high in all the southern basins (basins 4–7) and
is lower in the north. The winter precipitation in the
model is dominated completely by large-scale process-
es. Convective processes play an important role in sum-
mer, providing 30% of the June–August rainfall for ba-
sins 3, 5, and 7 and less (17%) for the mountain basins
4 and 6. Figure 5b showed that, although the model
precipitation is positively biased, it is well correlated
with the observations.

Figure 7b shows that the fraction of precipitation that
falls as snow generally decreases from northwest to
southeast. It is over 90% in winter in the north (on a
monthly basis) and near zero from June to August,
showing the very strong seasonal cycle for the northern
basins. Note that, in the warmer spring of 1998, less
precipitation fell as snow in all basins. The model may
be the best estimate of the fraction of precipitation that
falls as snow that is available on this basin scale. How-
ever, model and climatological means may not agree.
Mekis and Hogg (1999) estimate that precipitation over
the basin is divided evenly between rain and snow. Table
4 shows that only 30% of the annual precipitation falls
as snow.

Figure 8 shows four components of the model hy-
drological budget. Figure 8a is the model runoff (with
the sign reversed in this figure). The western branch of
the Peace River (basin 6), which has the deepest winter
snowpack (see Figs. 9 and 10 below) has the highest
spring runoff peak in the model. All basins have a spring
peak; basins 5, 6, and 7 also have a secondary maximum
in the model in the fall. The stream flow measurements
for the Athabasca and Peace Rivers do not indicate a
fall maximum (not shown); however, the Peace River
is regulated heavily by the Bennett Dam. Figure 8b
shows the melt term in the model. Basins 1, 2, 4, and
6 have a May peak in 1997, a month later than basins
3, 5, and 7 in the east. In 1998, melt is earlier, and only
basin 6 has a May peak.

Figure 8c shows the model liquid evaporation, which
increases from northwest to southeast in summer and is
zero when the ground is covered with snow. Like rain-
fall, summer evaporation is also larger in the model than
in climatological estimates. Stewart et al. (1998) esti-
mate summer (May–October) climatological evapora-
tion to be 230 mm for the Mackenzie, while the cor-
responding model value in 1997 is 350 mm, 52% more
than the Stewart et al. climatological estimates and
slightly less than the 60% estimate of the annual evap-
oration bias for 1996/97 in Fig. 6b. Figure 8d shows
the snow evaporation. This term is smaller and peaks
later in spring in the far northwest and is larger and
peaks earlier in the south (basin 6, which has the greatest
snowfall, has the largest snow evaporation). The spring
peak in snow evaporation is much higher than the fall
peak, because the net radiation is higher in spring. Snow
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FIG. 8. Monthly distribution of model (a) runoff, (b) snowmelt, (c) liquid evaporation, and (d) snow evaporation for the seven subbasins.

FIG. 9. Monthly distribution of column soil water for the seven
subbasins.

evaporation probably is positively biased, as is dis-
cussed in the next section.

c. Water storage terms

Figure 9 shows the interbasin variation of integrated
column soil water, which increases from a minimum for
basin 2 to a maximum for basins 5, 6, and 7. The annual
patterns are very similar for all basins. Soil water de-
creases unrealistically in winter as deep drainage con-
tinues, even when the soil is frozen, as discussed in
section 1a. This decrease leads to a minimum soil water
in the spring just before a rapid recharge on the order
of 100 mm, with the melting of snow in April and May.
Soil water is more variable in summer, as is rainfall.

Figure 10a shows the variation of the snowpack water
storage in the analysis for each basin, ranging from a
winter peak of over 150 mm for the mountain basins 4
and 6 to only 70 mm for the northern basins. Figure
10b is a corresponding SWEcalc from (3). During the
winter accumulation phase, the variation between basins
is similar to that seen in Fig. 10a. This result is shown
more clearly in Fig. 11, which compares the maximum
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FIG. 10. Snowpack water equivalent in (a) the model analysis, and
(b) calculated from the model snow budget terms.

FIG. 11. Comparison of maximum winter snowpack in the analysis
with that calculated from the model snow budget. Each number rep-
resents a value for that basin for one winter.

SWEanal from the analysis with the maximum model
SWFcalc. The analysis snowpack is much smaller for
basin 1 but a little greater for some basins, such as basins
5 and 7. However, Fig. 10b shows that, during the spring
melt phase, except for basins 1 and 4 [which have the
lowest net radiation (not shown)], the spring melt and
evaporation of snow exceed the water stored in the
snowpack, whether analyzed or the model-accumulated
value. Note that, for basins 2, 4, 5, and 6, the interannual
variability of SWEcalc exceeds that of SWEanal. This re-
sult reflects the fact that, in data-sparse areas, the snow
analysis is dominated by a climatological value (Mah-
fouf and Viterbo 1996).

This result again suggests that the model must over-
estimate either the evaporation of snow, or the melting,
or both. One probable reason for this overestimation is
that most of the southern two-thirds of the basin is for-
ested, and the snow lies under the trees. The energy
balance in boreal canopies in winter is complex (Pom-
eroy and Dion 1996). The forest canopy intercepts much
of the incoming solar radiation and ‘‘returns’’ most of
it back to the atmosphere as sensible heat (Betts et al.
1998b, 1999b). The model, however, has only a single
surface energy balance, and the snow evaporation al-
gorithm responds directly to the net radiation above the

canopy. The northwestern basins 1 and 4 have a lower
net radiation (presumably because of greater cloud cov-
er), and, consequently, snow evaporation is less for these
basins. In addition, there is no separate snow temper-
ature field in the model: the snow has the temperature
of the first soil layer. Consequently, snowmelt and
groundmelt are coupled, and they both again respond
to the single surface net radiation balance, even for for-
ested areas. As the ground melts, the fluxes into the
ground are very large, absorbing almost all the net ra-
diation, while the fluxes to the atmosphere are small.
Clearly, in northern forested areas (which include much
of the Mackenzie) the model needs separate energy bal-
ances for the snow-covered ground surface and the for-
est canopy. This change has been made in the tiled land
surface and snow model under development for ERA-
40.

4. Energy balance

The surface energy balance in the model can be writ-
ten

Rnet 1 SH 1 LH 1 LHsnow 2 Qmelt 2 G 5 0, (7)

where the surface net radiation Rnet is partitioned into
fluxes to the atmosphere of sensible heat SH and latent
heat (LH from the evaporation of water and LHsnow from
the sublimation of snow), a snowmelt energy term Qmelt,
and a residual flux G into the ground. The sign con-
vention used here is that downward fluxes are positive
and upward fluxes to the atmosphere are negative. Fig-
ure 12 summarizes the surface energy balance of the
whole Mackenzie basin for the two years. All values
are monthly averages (W m22). At these high latitudes,
Rnet has a strong annual cycle. Following the sign con-
vention above, Rnet , G, and Qmelt are positive in spring
and summer, while the balancing (upward) sensible and
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FIG. 12. Model surface energy budget for the Mackenzie. Symbols
are defined in the text.

TABLE 5. Energy balance terms for the Mackenzie basin. Terms are defined in the text.

Year Month Rnet SH LH LHsnow Qmelt G

1996
1996
1996
1996
1997
1997
1997
1997
1997
1997
1997
1997

9
10
11
12

1
2
3
4
5
6
7
8

42.0
26.8

236.6
242.5
232.5
213.2

22.6
72.1

110.8
131.2
125.7

95.9

29.3
5.2

12.6
20.8
24.4
16.2

1.0
23.8

224.2
228.1
224.4
219.2

237.4
211.6
20.3

0.0
0.0
0.0

20.1
23.6

237.2
281.0
285.1
267.2

20.8
24.8
25.5
22.2
21.8
27.5

222.0
240.1
221.3
20.7

0.0
0.0

0.0
0.1
0.0
0.0
0.0
0.0
0.9
8.7
7.6
0.6
0.0
0.0

25.6
218.0
229.8
223.8
29.9
24.5

0.6
15.9
20.6
20.6
16.1

9.4
1996/97 39.1 22.4 227.0 28.9 1.5 20.7
1997
1997
1997
1997
1998
1998
1998
1998
1998
1998
1998
1998

9
10
11
12

1
2
3
4
5
6
7
8

42.2
21.9

233.2
237.7
232.5
211.3

26.2
79.9

134.5
143.7
140.4
103.1

22.9
4.0

20.6
35.1
15.1
14.6

4.1
0.4

237.1
238.5
229.5
216.4

236.6
211.3
21.1
20.2

0.0
0.0

20.3
210.6
259.3
285.4
296.1
277.9

20.6
27.0
26.7
27.9
21.4
25.5

222.9
231.6
29.0
20.3

0.0
20.1

0.1
0.4
0.1
0.0
0.0
0.0
1.3

13.6
5.1
0.3
0.0
0.0

2.0
216.6
220.5
210.8
218.9
22.1

5.7
24.5
24.0
19.1
14.7

8.8
1997/98 46.1 22.5 231.6 27.8 1.7 2.5

latent heat fluxes are shown as negative. The energy
taken by the melting of snow is smaller than that for
the sublimation of snow (although more water is in-
volved), since the latent heat of melting is much less
than that of sublimation. The SH flux almost certainly
is too small in April, when the model snow evaporation
peaks. Over the boreal forest black spruce site in Betts
et al. (1999b), the measured SH flux actually has two
peaks, one in April because evaporation is very low in
spring and a second in June when net radiation is largest.

This model error, as discussed in the previous section,
is caused primarily by the lack of proper energy balance
for the snow, which mostly is shaded by the forest can-
opy.

The two years are summarized in Table 5, together
with the annual averages. The annual average net ra-
diation and latent heat flux are considerably higher in
1997/98. The net ground heat flux is downward in 1997/
98 but is upward in 1996/97 when Rnet is less. Although
no validation data are available on the basin scale for
Rnet, Betts et al. (1998b) found no systematic bias in the
model Rnet versus data in a point comparison over the
boreal forest after snowmelt. The annual average of the
sensible heat flux is very small. Tables 3 and 4 show
evaporation terms in millimeters from the surface hy-
drological budget, while Table 5 shows the latent heat
flux to the atmosphere. In the same units, the latent heat
flux (from evaporation of water) is about 2% larger in
summer than the liquid evaporation is. Betts et al.
(1998a) found a similar but larger error (about 7%) for
the Arkansas–Red River basin, resulting from an un-
satisfactory approximation in the calculation of the
evaporation of water intercepted by the canopy that re-
mained from an earlier version of the model.

Figure 13 shows a 1200–0000 UTC (‘‘daytime’’) en-
ergy partition from April to September by basin (an
average for the two years). The solid lines are the frac-
tion of Rnet going into ground storage and snowmelt,
defined as (G 1 Qmelt)/Rnet. In April it is very large, as
much as 50%–75% of the daytime net radiation, and it
is largest for the most northern basins. Although the
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FIG. 13. Surface energy balance partition for the seven subbasins
from Apr to Sep, showing ratio of ground heat flux and melt to net
radiation (solid) and evaporative fraction (dashed) during the daytime
(1200–0000 UTC).

ground and snow are melting in spring, we believe this
ratio is too large, because in forested areas the canopy
shades the surface and effectively returns a significant
proportion of Rnet directly back to the atmosphere as a
SH flux. The dashed lines show the partition of the
remaining surface available energy (SH 1 LH 1
LHsnow) 5 2(Rnet 2 G 2 Qmelt) from (7) as an evapo-
rative fraction EF for the 1200–0000 UTC daytime pe-
riod, defined as

EF 5 (LH 1 LHsnow)/(SH 1 LH 1 LHsnow). (8)

Daytime EF is high in April when snow is evaporating—
probably too high, as mentioned in section 3c. One im-
portant consequence of the large fraction of Rnet going
into storage and melting of snow and this large EF is
that the modeled SH flux in spring is unrealistically
small when compared with observations over a boreal
spruce forest (Betts et al. 1999b).

The evaporative fraction is relatively low after snow-
melt when the temperature is low and then increases
during the summer as temperature rises. There is a gen-
eral increase of modeled EF in summer from the north-
west basins to the southeast. For the forested areas, these
daytime summer values are too high, since the model
evapotranspiration algorithm, which was developed us-
ing grassland data (Viterbo and Beljaars 1995), does not
recognize different vegetation types (such as the conif-
erous forests). The ERA-40 land surface model under
development has separate tiles for short and tall (forest)
vegetation, with different parameters. Betts et al.
(1998b), in a comparison over the boreal forest in Man-
itoba, found that the ECMWF model daytime evapo-
rative fraction, which had a summer range of 0.5–0.8,
similar to that seen in Fig. 13, was significantly higher
than measurements from a representative black spruce
site for which summer daytime EF was typically in the

range 0.3–0.4 (Betts et al. 1999b). This result is entirely
consistent with the 60% positive evaporation bias shown
in Fig. 6b. Reducing summer LH in the model by 60%,
with a corresponding increase in SH (but no change in
Rnet 2 G), would reduce mean summer EF by a factor
1/1.6, or from about 0.64 to 0.4.

5. Conclusions

The monthly surface energy and water balance terms
from the operational ECMWF analysis have been pre-
sented for seven subbasins of the Mackenzie River for
a two-year period from September 1996 to August 1998.
Other model and observational studies are under way
as part of the MAGS program, and, at this point, pre-
cipitation and stream flow data are available for com-
parison with the model results only up to December
1997, but these data are sufficient to indicate some of
the model biases. The value of model studies is that they
provide representative area averages in regions of sparse
data and show the spatial and temporal variability. In
particular, the model estimates of snowfall, and the frac-
tion of cold season precipitation that falls as snow, might
be superior to measurements on the basin scale. The
model precipitation is significantly higher (by about
40%) than the corrected precipitation observations for
the Mackenzie (Hogg et al. 1996), although model and
observed monthly precipitation are well correlated on
the basin scale. This bias seems to be uniform across
the basins, although it is higher during spring melt. An
earlier study, based on observations over the boreal for-
est (Betts et al. 1998b), showed that the ECMWF model
evaporation is positively biased in summer and in spring
when the evaporation of snow is overestimated. Using
observed precipitation and stream flow data to estimate
annual evaporation, we concluded that the model evap-
oration is positively biased by 60% on an annual basis.

The model annual runoff, which is parameterized as
deep drainage and not routed through stream flow chan-
nels, is nonetheless comparable with the observed an-
nual stream flow, unlike that for the Mississippi basins,
for which an earlier study showed that the ECMWF
model runoff was less than half the value of the observed
stream flow (Betts et al. 1999a). The spring runoff peak
in the model occurs, however, about a month earlier
than the stream flow peak observed for the Mackenzie,
and the probable reason is the lack of routing in the
model. However, the variability in model runoff on an
annual basis across the basins bears no relationship to
the stream flow differences.

Neither the model liquid or frozen hydrological bud-
gets are closed at the surface, albeit for different reasons.
In the liquid budget, soil water nudging can add or
subtract a large amount of water to the model. Earlier
studies for the Mississippi basin (Betts et al. 1998a,
1999a) have explored the projection of model errors in
precipitation, evaporation, and runoff onto this nudging
term. However, the Mackenzie dataset, based on 11–35-
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h model forecasts, does not include the analysis cycle
fluxes, so the nudging term cannot be calculated ex-
plicitly, although some of its impact is visible as a re-
sidual in summer. Nudging is compensating for basin
runoff errors in summer. The frozen hydrological budget
is not closed, because a new snow analysis based on
observations and climatological means is introduced at
each analysis time. It was found that, during the winter
accumulation phase, the sum of the model snowfall,
snow evaporation, and melt terms agrees reasonably
well with the analysis snowpack, but, in spring, the
model melt and snow evaporation terms are too large:
in total they exceed the amount of the snowpack, except
in the northwestern basins, which have the lowest net
radiation. The model soil water continues to drain (un-
realistically) in winter when the ground is frozen but is
recharged by the spring melt.

In this analysis, only monthly values were shown.
The model data are hourly and so show considerable
detail associated with shorter timescales, such as the
passage of synoptic weather events. These hourly da-
tasets for the seven MAGS basins are available from
the first author for further studies. An improved soil
moisture initialization scheme has been developed
(Douville et al. 2000), and a new tiled land surface
model is under development for ERA-40, which will
correct some of the errors of the current model in winter
and over the northern forests. We plan to reexamine the
Mackenzie basin budgets for a longer time period when
this reanalysis becomes available.
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