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ABSTRACT

The transport of water vapor through the Mackenzie River basin, atypical high-latitude river basin, isexamined
for the years 1979-93, with the European Centre for Medium-Range Weather Forecasts reanalysis dataset (ERA).
It is shown that the transport of water vapor through the Mackenzie basin is highly variable in space and time.
This transport has two distinct modes. During the autumn, winter, and spring, moisture is transported into the
basin from the southwest by extratropical cyclones. The source of this moisture is argued to be the subtropical
and midlatitude central Pacific Ocean. During the summer, moisture enters the basin from the northwest, with
the source region being the Arctic Ocean. The values of monthly water vapor budgets obtained with the objectively
analyzed fields are compared with those obtained from interpolated radiosonde data and with other known
guantitative information about the water budget of the basin. It is found that the ERA data seriously overestimate
the values of monthly water budget. A discussion of various potential sources of this discrepancy is provided.

1. Introduction

Studies of the hydrological cycle are extremely im-
portant for understanding the global climate system and
its sensitivity to anthropogenic effects (Chahine 1992).
Atmospheric water vapor is one of the major contrib-
utors to the greenhouse effect, to which the Arctic is
most susceptible (Jones 1988; Manabe et al. 1991; Hinz-
man and Kane 1992). One of the regions that has ex-
perienced the greatest warming anywhere in the world
over the last 30 yearsisthe Mackenzie River basin (Cao
et a. 2001). This makes the study of the atmospheric
water vapor balance in this region particularly impor-
tant.

Furthermore, the Mackenzieis the fourth largest river
of the Arctic Ocean Basin. Its discharge, aong with that
of the other north flowing rivers, plays animportant role
in controlling the production of sea ice in the Arctic
Ocean (Cattle 1985; Manak and Mysak 1989) and in
regulating deep water formation in its marginal seas
(Aagaard and Carmack 1989). The latter process is a
key element of the thermohaline circulation of the
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world’'s oceans (Broecker 1991). The meteorological
and hydrological processes that transport water into and
through the high-latitude river basins are therefore of
great importance to the entire climate research com-
munity.

The Mackenzie River basin (Fig. 1) covers an area
of 1.787 million square kilometers, which isalmost 20%
of the Canadian landmass, and includes three large
lakes, the eastern slopes of the Western Cordillera, and
extensive wetlands. The typical yearly mean tempera-
ture is about 0°C; most of the ground is underlain by
permafrost, and theriver itself isfrozen from November
to June (Stewart et al. 1998). The mean annual precip-
itation in the Mackenzie basin is approximately 410 mm
and varies from 300 mm in the eastern parts to 1600
mm on the slopes of the Rocky Mountains (Bjornsson
et al. 1995; Stewart et al. 1998). Evaporation within the
basin is estimated to be 100200 mm yr—* from land
and about 400 mm yr—* from water surfaces (Stewart
et al. 1998).

Based on Water Survey of Canada data for the period
1973-93 from Arctic Red, a station near the mouth of
the Mackenzie River, the mean annual discharge of the
Mackenzie River into the Arctic Ocean is 288 km3
(Stewart et al. 1998). It is interesting to note that this
estimate of the mean annual discharge is 15% smaller
than a previously and widely quoted estimate of 340
km? by Milliman and Meade (1983), which was based
on data tabulated by UNESCO (1978). The reasons for
this discrepancy are unclear but serve to highlight the
uncertainty present in our knowledge of some of the
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Fic. 1. A map of the Mackenzie River basin region. The shaded area is the actual area of the basin. The solid line is a polygonal
approximation to the basin’s boundary used by Walsh et al. (1994). The labels | = (0.0, 0.4, 0.55, 1.0) refer to the locations on the basin’s

perimeter mentioned in Fig. 5.

most fundamental characteristics of the basin’s water
cycle.

The maximum precipitation, as well as maximum
evaporation, occurs during summer months. However,
the water budget of the basin (precipitation minus evap-
oration) has a minimum in summer (Walsh et al. 1994).
According to Smirnov and Moore (1999), the transport
of the water vapor through the Mackenzie basinishighly
variable and is influenced by the occurrence and track
of cyclones arriving from the North Pacific and Arctic
Oceans. However, this conclusion was based on only 3
months of data and needs to be supported by more ex-
tensive studies.

Given the importance of the water vapor transport
through the basin, there have been remarkably few stud-
ies that provide accurate quantitative information about
it. The Mackenzie basin is now at the focus of the Ca-
nadian section of the Global Energy and Water Cycle
Experiment (GEWEX), the international program to ob-
serve and model the moisture and energy fluxes in the
atmosphere, the land surface, and the upper ocean.
GEWEX is an integrated program of research and sci-
ence activities ultimately leading to the prediction of
global and regional climate change. Because Canadahas
the largest amount of freshwater in the world, the study
of water resources and their variability from climate
changes is the central goal of the Canadian contribution
to GEWEX. The subprogram of GEWEX related to the

Brought to you by provisional account | Unauthenticated | Downloaded 06/23/21 04:58 PM UTC

Mackenzie basin is called the Mackenzie GEWEX
Study (MAGS). Stewart et al. (1998) discussesthe goals
of MAGS in detail.

The studies of atmospheric moisture transport are of -
ten associated with the problem of the applicability of
one or another source of data (e.g., Mo and Higgins
1996; Schmitz and Mullen 1996). Smirnov and Moore
(1999) observe that, prior to 1996, most researchers
preferred to use interpolated radiosonde data for at-
mospheric water vapor studies (e.g., Walsh et al. 1994;
Serreze et al. 1995). Recently, both the the National
Centers for Environmental Prediction (NCEP) and the
European Centre for Medium-Range Forecasts
(ECMWF) undertook major initiatives to use modern
dataassimilation algorithmsto *‘ reanalyze’ all available
historical datasets of meteorological state variableswith
the objective of producing time series of meteorological
fields appropriate for short-term climate research and
monitoring (Kalnay et al. 1996). The use of reanalysis
data is especially appropriate for studies where radio-
sonde stations are sparse, such as is the case of the
Mackenzie basin, and where data assimilation may pro-
duce better estimates of meteorological parametersthan
asimple spatial interpolation of sparse radiosonde data.
On the other hand, the accuracy of the objective analyses
may depend on the properties of the model and the
region of interest, and these dependencies are not always
well documented or understood. Therefore, animportant
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research focusisto find out how well the new reanalysis
products represent regional high-latitude moisturetrans-
port.

Cullather et al. (2000) evaluated the atmospheric
moisture budget over the Arctic Basin as depicted in
both the NCEP and ECMWF reanalyses. For the mois-
ture transport across 70°N, they find good agreement
between the two products. A comparison with radio-
sonde data highlighted a problem with the latter’s de-
piction of the summertime meridional moisture trans-
port. Cullather et al. (2000) observe that the basin av-
eraged precipitation minus evaporation/sublimation (P
— E) field deduced from the convergence of the at-
mospheric moisture field of either reanalysis is signif-
icantly larger than that derived from the corresponding
precipitation and evaporation fields. They note that the
basin-averaged P — E field calculated from the reanal-
yses atmosphere moisture transport is in better agree-
ment with previous studies. The nonclosure of the at-
mospheric moisture budget in either reanalysis was at-
tributed to anomalously large evaporation. With regard
to this last point, Renfrew et al. (2001) note a similar
systematic error in the latent heat flux from the NCEP
reanalysis over the Labrador Sea during winter. They
attribute the error to the roughness length formula for
moisture employed in the NCEP reanalyses that is in-
appropriate for use in high latitudes.

In this paper, the following issues are addressed. The
water vapor flux fields over the Mackenzie basin, as
calculated from the ECMWF reanalyses, are studied.
The preliminary findings by Smirnov and Moore (1999)
on short-term variability are supported by the evidence
from 15 years of data. They are also extended to include
seasons other than the autumn. The hypothesis that the
Pacific Ocean is the major source of moisture in the
Mackenzie basin (Bjornsson et al. 1995; Lackmann and
Gyakum 1996; Lackmann et al. 1998) is again dem-
onstrated, and the features of the spatial and temporal
structure of the moisture transport are analyzed in detail.
The seasonal changesin thetransport are used to explain
the known features of the basin’s annual water cycle
(Walsh et al. 1994). The discrepancies between our re-
sults, those of Walsh et al. (1994), and other estimates
of the basin’s water budget are discussed.

2. Analysis procedures and data

The equation describing the conservation of water
vapor in an air column above a particular point of the
earth’'s surface, if the flux across the upper boundary,
diffusion, and liquid and solid phase transports are ne-
glected, is

oW
P—-E=—-———dvQ. 1
p ivQ (1)
Here, P is the precipitation rate, E is the evaporation

rate (both at the surface), W is the precipitable water,
defined by
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1 Po
W= - J q dp, @
9J
and Q is the vertically integrated moisture flux:
l Po
Q=- f av dp. ©)
9Jo

In these formulas q is specific humidity, v is the hori-
zontal wind velocity, p is the pressure, and p, is the
surface pressure. The lower limit of integration can be
set to zero or to any other level in the upper atmosphere
above which the specific humidity can be neglected. In
our calculations, the value of 100 hPa was chosen.

For long time intervals (1 month or more), the con-
tribution of the divQ term is more significant than that
of the precipitable water tendency (Walsh et al. 1994,
Serreze et al. 1995). Indeed, averaging (1) over along
period of time yields

_ AW

P—-E At divQ, 4
where the first term on the right-hand side obviously
approaches 0 as At grows; for At = 1 month, it does
not exceed 25% of the mean flux divergence in Arctic
regions (Serreze et a. 1995). However, at smaller At
the precipitable water tendency in (4) does not need to
be much smaller than the last term. Therefore, in short-
term studies we cannot neglect it (Smirnov and Moore
1999).

The integration of (1) over the Mackenzie basin area

A yields

Jj(P—E)dA:—%ijdA—ﬂg Q, n) dl,
(5

where | is an element of the boundary 0A of the area A
and n is a normal to the basin. In what follows, the
notation Q = —¢,, (Q, n) dl will be used to denote the
last term of (5). If, similar to (4), we average (5) over
a period of time, it yields

Py = (E) = —(w) +(Q), (6)
where(P) = [{, P dA,(E) = [f, E dA, (w) = [[, AW/At
dA, (Q) = (VA) [, Q(t) dt.

Walsh et al. (1994) were the first to give the estimates
basin’s water budget based on spatially interpolated ra-
diosonde data over the period 1973-90. Figure 2 sum-
marizes the results they obtained for the annual water
cycle of the basin. Note that the integration was done
not over the actual basin area, but over the simplified
domain as shown in Fig. 1. The effect that this approx-
imation has on the basin’s water budget will be dis-
cussed below. We see that (Q) is responsible for most
of the basin’s moisture budget, and the contribution of
the atmospheric storage term (w) is negligible. As dis-
cussed above, both the precipitation and evaporation are
highest during the summer months. In contrast, (Q) is
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Fic. 2. Annual water cycle of the Mackenzie basin according to
Walsh et al. (1994). The solid line is (Q), the line marked P is pre-
cipitation (P) based on measurements from 53 stations around the
basin, the dotted line is (w), and the line E is the evaporation (E),
which is determined as the residual of the other three terms.

a minimum during the summer months and attains its
highest values in the autumn. The evaporation was de-
termined as the residual of the other termsin (6). It can
be seen to be negative during the winter months. This
nonclosure of the moisture budget was attributed by
Walsh et al. to errors in (P), specifically errors in mea-
suring snowfall.

In this paper, we will use the ECMWF global re-
analysis (ERA, Gibson et a. 1997) to characterize the
atmospheric transport of moisture through the basin and
its water budget. Standard surface and upper air fields
are included in the reanalysis. The data are interpolated
onto 11 standard pressure levels (1000, 925, 850, 700,
500, 400, 300, 250, 200, 150, and 100 hPa) and to the
horizontal grid with a uniform 2.5° spacing. The vector
Q isthe primary source of diagnostics. It was calculated
every 6 h using (3) over the 15-yr period from 1979 to
1993. For further information on particulars of the pro-
cessing, please refer to Smirnov and Moore (1999).
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3. Results and discussion
a. Short-term variability

Figure 3 shows a time series of the vertically inte-
grated atmospheric moisture flux Q through the basin
for the Mackenzie basin during 1980. The year was
chosen at random; other years show a similar pattern.
We see that Q is characterized by a sequence of events
with positive and negative values. From (5) it can be
seen that a positive (negative) value of Q is associated
with a net inflow (outflow) of atmospheric water vapor
into the basin. Another important characteristic of the
Q time series is that the instantaneous values are an
order of magnitude larger than the monthly or annual
means.

Further information on the characteristics and tem-
poral variability of inflow and outflow events can be
obtained if we define sets of inflow events for a given
calendar month {t/S, i = 1, ..., N.g} that satisfy the
following:

1) the event is one in which there is a net inflow of
moisture, that is, Q(t*s) > 0,

2) the event is a local maximum, that is, dQ/dt|,_ =
0; and

3) the magnitude of the inflow exceeds the monthly mean
(Q) by an amount S that is, Q(t*S) Q) > S

In the same manner, sets of outflow events {t;S, i = 1,
N_g} can be defined. If o isthe standard de\/latlon
of Q(t) “about the monthly mean, then N, and N_, rep-
resent the number of events for a given calendar month
for which there is strong inflow or outflow with mag-
nitudes exceeding the monthly mean by o. In a similar
fashion, N, ,, and N_,,, are the number of inflow/outflow
events with magnitudes exceeding the monthly mean by
20.
Figure 4 shows the seasonal cyclein N, ,, N__, N,,,,
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Fic. 3. Time series of Q(t) from the Mackenzie basin (mm month-1) for 1980. The thick
horizontal lines are the monthly means.
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Fic. 4. The number of events with the magnitude of Q of more
than (a) 1 standard deviation or (b) 2 standard deviations from the
monthly means for 1979-93. Solid lines represent inflows,; dashed
lines represent outflows.

and N_,, as calculated from the 15 yr of ERA data. We
see that both N, and N_, equal 80—-110 events for each
month over the 15 yr, which is equivalent to approxi-
mately 5-8 strong inflows and the same number of out-
flows per month every year. This confirms the visual
observation from Fig. 3 that the moisture transport in
the Mackenzie basin is a sequence of frequent strong
inflows and outflows. The number of 20 events is at
least 30-50 per month over the 15 yr (equivaent to
approximately 2—-3 per month every year). Unlike N, ,
thereisastrong annual cyclein N.,,. In winter months,
there are numerous strong inflows and almost no out-
flows, while in summer, N,,, = N_,, . As we shall see,
this fact will help to explain the characteristics of the
basin’s annual water cycle.

The preliminary results of Smirnov and Moore (1999)
suggest that the transient events carrying moisture into
the basin follow more or less the same track, forming
a so-called atmospheric river. This definition was intro-
duced by Zhu and Newell (1994) for filaments of in-
creased moisture transport that exist for long periods of
time (earlier as ‘‘tropospheric rivers’ by Newell et al.
1992). Such filaments may be associated with cyclone
tracks, with cyclones moving along the leading edge of
the river.

Figure 5a shows the 15-yr mean zonal transport Q,
through 130°W longitude (to the west of the Mackenzie
basin). The band of large positive values between 45°
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and 55°N indicates the location of the atmospheric river
that transports moisture into the basin from the south-
west. During June-September, the axis of the atmo-
spheric river shifts slightly northward and an additional
weaker inflow from the northwest can be observed be-
tween 65° and 80°N. These two different patterns will
hereinafter be referred to as winter and summer modes
of the moisture transport. They were first detected by
Smirnov and Moore (1999) in their study of 3 months
(August—October 1994) of ECMWF operational anal-
yses. In that year, the transition between summer and
winter modes occurred in mid-September. The analysis
of 15 yr of ERA data shows that these transitions occur
almost every year, with one or two exceptions, typically
in June (winter to summer mode) and September (sum-
mer to winter mode). Figure 5b shows a similar Hov-
moller plot for 1982. It has the same general charac-
teristics as in the 15-yr mean. However, the individual
events that constitute the rivers can be identified. Figure
5c¢ displays the magnitude of Q,,, the component of Q
normal to the basin contour, for the same year as cal-
culated by the method described by Smirnov and Moore
(1999). Here we can see all individual events entering
and exiting the basin. Areas of red denote inflows of
moisture into the basin, and areas of blue indicate out-
flows. In confirmation with the resulted presented in Fig.
4, strong outflows of moisture are more common in
summer.

b. Seasonal variability

In Fig. 5 it can be seen that the atmospheric river
shifts north in May—A ugust—the months when the min-
imum of P — E has been observed by Walsh et al. (1994)
(see Fig. 2) and when most outflow events are observed
(Fig. 4b). It is interesting to see the relationships be-
tween these three phenomena. We will do this by an-
alyzing the monthly mean fields of moisture transport
Q and geopotential height Z at 700 hPa (Z,4,) for se-
lected months representing different stages of the annual
cycle. January (Fig. 6a) is a typical month when the
moisture transport is in its winter mode (all months
between October and April show similar patterns). Fig-
ure 6b shows May, the month when the transition be-
tween winter and summer modes occurs. Fig. 6¢ shows
July, a typical month during the summer mode.

Figure 6a gives us an idea of the geometry of the
moisture flows and pressure fields during the period
October—April (the ““winter mode” of moisture trans-
port observed in Fig. 5). In the beginning of this period,
a climatological low, known as the Aleutian low (Haur-
witz and Austin 1944) forms over the Gulf of Alaska,
and persists until late April or even May. During this
period, the atmospheric river exists to the south of this
low, entering the Mackenzie basin from the southwest,
as shown in Fig. 5¢c. An area of strong convergence of
Q exists along the Western Cordillera that marks the
western boundary of the basin. Thisareaof convergence
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Fic. 5. Hovmodller plots of the zonal component of Q across 130°W (a) averaged for the 15-yr period of
1979-93 and (b) for 1982. The vertical axis is the latitude in degrees. The Mackenzie basin lies between
latitudes 50° and 70°N (marked with red lines). Positive values represent eastward transport. (¢) Hovmoller
plot of Q, along the basin outline for 1982; the vertical axis is the basin contour | in nondimensional units
from 0 to 1 (see Fig. 1). Positive Q, corresponds to inflows of moisture into the basin, negative to outflows.

exists throughout the winter, gradually weakening in
magnitude. By May (Fig. 6b), although the positions of
the Aleutian low and atmospheric river have not
changed, there is, however, no pronounced area of con-
vergence to the southwest of the basin. In June-August
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(Fig. 6c), the Aleutian low weakens and we see the
additional moisture flow in the northern parts of the
basin. We also see strong flows of moisture exiting the
basin, which corresponds to what was observed in Fig.
4b.
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Fic. 6. Monthly mean Q (kg m=2 s7%; arrows), divQ (105 kg m—3
s%; shadings), and Z,,, (m; contours) for (a) Jan, (b) May, and (c)
Jul. The maximum vector length is 200 kg m~* s-*. Vectors below
20 kg m~* st are not shown.
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Smirnov and Moore (1999) provided evidence that
coherent atmospheric structures were responsible for
moisture transport through the basin. With the 15 yr of
data now available, we are in a position to confirm their
conjectures. Figure 4 shows a clear seasonality in the
number and intensity of the inflow/outflow events. We
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will therefore consider the changes in the structure of
these events throughout the year. We will do this by
compositing the fields of moisture transport Q and geo-
potential height Z for times preceding or following the
strong moisture inflow events. Let us consider the times
ti-2> of 20 inflow events within a given calendar month
during the 15 yr under consideration. Then for any field
X(t), we can define a composite field X (7) =
[Z, X(tr2 + 7) — X]/N,,,, where X is the mean value
of X for each month. Here, X_ is the average difference
between the field of X at 7 hours after inflows (or, if 7
isnegative, T hours prior to inflows) and the mean field.
The Student’s t test is used to assess the points at which
this difference is statistically significant. In the follow-
ing figures, only points with the absolute values of t test
greater than 1, approximately equivalent to 85% sig-
nificance, are displayed (Fischer and Yates 1974). As
we shall see, the composite fields are mutually consis-
tent and pass this test over alarge geographical region,
providing one with additional evidence as to the statis-
tical significance and physical relevance of the result.

Figure 7 shows the 15-yr composite January fields of
Q. and (Z,y,). for several values of 7. In Fig. 7a (7 =
0) we see that the most significant inflows during this
period occur when there is a deep low (>100 m deeper
than the monthly mean) over the Gulf of Alaska and a
high pressure ridge along the northern Pacific coast of
North America. This synoptic situation would normally
result in the southwesterly flow into the basin. Asso-
ciated with this flow is a transport of moisture into the
basin. Thereisan area of convergencein Q. along West-
ern Cordillera, the western boundary of the basin.

In Figs. 7b and ¢ we show the composites at =
—24 and —48 h It can be seen that the events charac-
terized by strong moisture inflow into the basin are as-
sociated with minima in (Z,,),. that advance from sub-
tropical central Pacific Ocean at approximately 35°N,
180°W to the location shown in Fig. 7a. There are sig-
nificant fluxes of moisture that are being transported by
the cyclonic circulation around these lows. This means
that strong inflows of moisture during the winter season
(a similar situation can be observed in October—April)
are often caused by cyclones that propagate toward the
basin from the abovementioned region in the central
Pacific.

A very different situation occurs during the summer.
Figure 8 displays the composite fields of Q. and (Z,).
with 7 = 0, —12, and —24 h for July. It shows that,
during this month, the strongest moisture inflows arrive
from northwest and are associated with lows over the
Beaufort Sea. These lows are shallower than those that
areresponsible for moisture inflowsin winter, carry less
moisture, and have a shorter lifetime [there are no sig-
nificant areas of (Z,y). for 7 = —12 h]. This result is
in agreement with the observation of Smirnov and
Moore (1999), who traced the trajectories of short-lived
and quickly moving mesoscale lows traveling from the
North Pacific to the Beaufort Sea in August 1994 and
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Fig. 7. Composite Q. (kg m~2s-1; arrows) and (Z,4). (M; contours)
for Jan over the period of 1979-93 with (a) 7 = 0, (b) 7 = —24,
and (c) = = —48 h. Note the change in domain in each panel. Only
the statistically significant areas are displayed. The maximum vector
length is 200 kg m~* s*.

identified them as sources of moisturefor the Mackenzie
basin. Similar systems can be observed in June-August.
Asuma et al. (1998) describe in detail one such event
that occurred in mid-September 1994,

Itisequally interesting to see what follows the strong
inflow events. Figure 9 shows the composite fields for
January, May, and July with 7 = +24 h. It is apparent
that an inflow must be followed by an outflow if the
low system, or itsremnant, reaches the eastern boundary
of the basin. The question is how much of the moisture
advected into the basin is simply advected out. In Jan-
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Fic. 8. Composite Q. (kg m~2s71; arrows) and (Z,4,). (M; contours)
for Jul over the period of 1979-93 with (a) 7 = 0, (b) 7 = —12,
and (c) 7 = —24 h. Only the statistically significant areas are dis-
played. The maximum vector length is 200 kg m=* s-1.

uary, we can see a composite flow of moisture forming
two areas of convergence in the basin, which suggests
that most of the moisture associated with the 2o inflow
events stays in the basin as precipitation. Over the 24-h
period between Fig. 7a and Fig. 9a, the low over the
Gulf of Alaska was amost stationary. However, there
is a composite low inside the basin, representing the
secondary low development on the leeward side of the
topography (Asuma et al. 1998; Mackay et al. 1998).
In May and July (Figs. 9b and c), however, we don't
see any significant convergence in Q. (except for one
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Fic. 9. Composite Q. (kg m=2 s7*; arrows), divQ, (105 kg m—3
s %; shadings), and (Z,q). (M; contours) at = = +24 h for (a) Jan,
(b) May, and (c) Jul over the period of 1979-93. Only the statistically
significant areas are displayed. The maximum vector length is 100
kgm-tst

-150

area in Fig. 9c that will be discussed later). Moreover,
there are areas of positive divQ.. This result means that
most of the moisture associated with the inflow events
is advected out of the basin. The reason for this differ-
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Fic. 10. Depictions of the annual water cycle over the Mackenzie

basin. The thin solid line is the result of Walsh et al. (1994), the thick

solid line is our result on the actual basin outline, and the dashed

lineis the result of ERA data integration on basin outline B (see Fig.
1).

ence may be the warmer air temperatures that allow
evaporation from land. Therefore, we must expect that
the net moisture budget in these months will be less
than in January, and the strong outflows of moisture
will be more numerous, as in Fig. 4b.

Figure 10 displays the monthly mean moisture bud-
gets according to Walsh et al. (1994) and those obtained
from ERA data. Both annual cycle curves show a min-
imum in summer, as was suggested by the features of
the ““summer mode”’ described above. If we compare
Figs. 4b and 10, it is apparent that the minimum (Q)
occurs in the months with fewest inflow events and most
outflow events.

The results described above suggest that individual
inflow/outflow events play an important role in the ba-
sin’s water budget. To quantify this, we will define the
duration of an event at t; as {t, = t, = t,} wheret,
and t;, are the start and end points of the event. They
are taken as the times closest to t; at which either Q or
dQ/dt is zero. For this event, the mass of water vapor
transported in the basin is

tiz
my = f Q dt.
tiz

For the set {t/S} defined above, M+ =3, -m will
be the contribution of these events to the monthly water
vapor budget. Similarly, M~ can be defined for the out-
flow events. Figure 11 shows the annual cycle of M+
and M- for S = *£2¢. We can see that the 20 inflow
events contribute upward of 25%-50% of the total water
vapor budget of the basin, even though there are only
2-3 of them per month on average. Meanwhile, the
contribution of 20 outflow events M~ is between 5%
in winter and 25% in summer.

As can be seen from Fig. 10, there are significant
differences between the annual cycles obtained in this
paper from the ERA data and that by Walsh et al. Most
important is a significant difference in the magnitude of
(Q). In addition, Walsh et a. have the minimum in (Q)
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Fic. 11. The contribution of the inflow (black boxes) and outflow

(white boxes) events to the basin’s monthly moisture budgets (solid
line) over the 15-yr period of 1979-93.

occurring in July—August, but the reanalysis data sug-
gest that it occurs in May and June. Furthermore, the
shape of the curve and the magnitude of {Q) depend on
the definition of the Mackenzie basin outline. The re-
analysis data integrated over the domain B used by
Walsh et al. (see Fig. 1) are closer to their original result
than when the Mackenzie basin is defined more accu-
rately.

The mean annual water budget of the basin according
to the ERA dataset is 398 mm yr~* for the exact basin
and 325 mm yr—* for domain B, both of which arelarger
than the 249 mm yr—* quoted by Walsh et al. (1994).
The first figure multiplied by the Mackenzie basin area
gives 695 km?3 yr—1. This value is more than double the
actual value of the Mackenzie's discharge (between 280
and 340 km? yr—1). These two quantities, annual water
budget and annual discharge, should be equal over the
15-yr period under investigation, because the change of
the atmospheric and ground water storage over thistime
period will be negligible. Thus, the magnitude of the
total water vapor transport into the Mackenzie basin is
strongly overestimated both by the ERA dataset and by
Walsh et al. (1994).

The discrepancies among our results, the results of
Walsh et al. (1994), and other estimates of the basin
water budget may have several sources: 1) the different
definitions of the Mackenzie basin's outline (see Fig.
10: the summer minimum becomes much deeper for the
“rectangular”’ basin), 2) the fact that time period under
consideration by Walsh et al. was different from that in
this study (however, given the large degree of overlap
between the two time periods, it is unlikely that thisis
the source of the discrepancy), and/or 3) the possibility
that either the reanalysis fields used in this paper or the
radiosonde data interpolation used by Walsh et al. fail
to represent properly the transport of moisture through
the basin.

With regard to this latter point, let us return to Fig.
6¢. A dipole-like structure in the divQ field is present
at 50°—60°N and 110°-100°W. A similar dipole can be
observed in the composite moisture flux field in Fig. 9c.
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In both instances, there is a region of convergence of
moisture flux over the eastern area of the basin. There
is no physical reason for the existence of this dipole,
and its presence may contribute to the overestimation
of the basin’s water budget. Indeed a simple ** adjust-
ment’’ of (Q) over the eastern section during the summer
months, by setting it equal on an area-adjusted basis to
that in the basin’s central section, results in a mean
annual water budget, on the Walsh et al. domain, of 280
mm yr-1.

In addition, it is useful to remember that the grid
spacing of the ERA datais only 2.5°. As was shown by
Smirnov and Moore (1999), the error estimate for Q is

AQ AQ
= ~ 2 X 10 °DVN—,
g =~ Q

where D is the grid spacing in meters, N is the number
of data points on the basin’s boundary (if we assume it
is rectangular), and AQ/Q is the fractional error in the
values of Q (which is mostly due to the overestimation
of the midlevel humidity). In our case, N = 41, D =
2.75 X 10° m in the meridional direction and half as
much in zonal direction, so AQ/Q = 2.5AQ/Q. We do
not know the values of AQ/Q for the ERA data; how-
ever, for the operational ECMWF objective analysis
data, Smirnov and Moore (1999) estimate that it may
be as high as 20% in the Mackenzie basin area. This
would result in a 50% error for (Q). One manifestation
of thiserror is an incorrect representation of the location
and extent of the region of moisture flux convergence
on the western boundary of the basin. This source of
error also must be taken into account.

4, Summary

This paper describes the features of short-term and
seasonal variability of the atmospheric water vapor
transport through the Mackenzie River basin for 1979—
93, based on the ECMWF reanalysis (ERA) data. The
following important conclusions can be drawn from this
work.

1) Structures similar to those described by Zhu and
Newell (1994) as ‘‘ atmospheric rivers’ have been iden-
tified over the Mackenzie River basin for most of the
period under consideration. These structures consist of
sequences of moisture pulses coming into the Macken-
zie basin from the southwest or northwest, carried by
low pressure systems that have their origin over the
Pacific Ocean or the Beaufort Sea. The moisture trans-
port is highly variable in time. There are 5-8 events of
each sign per month with the values of integrated mois-
ture transport (Q) one standard deviation away from the
monthly means, and 2—-3 events that are two standard
deviations away. It is shown that the latter events con-
tribute to 25%-50% of the total water vapor budget of
the basin. It is therefore important that the structure,
evolution, and track of extratropical cyclones be accu-
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rately represented if the transport of moisture into and
through the basin is to be similarly represented.

2) The moisture transport has two distinct modes.
The winter mode lasts from October through April. Dur-
ing this time, the moisture is advected into the basin
from the southwest by cyclonic events originating in
subtropical or midlatitude central Pacific. During the
summer mode (June-August), the moisture pulsesarrive
from two directions: from the southwest, as in winter,
and from the northwest, carried by synoptic-scale lows
from the Arctic Ocean. The analysis of the composite
fields of Q suggests that the strongest pul ses of moisture
in the summer mode arrive from the northwest. May
and September are the typical months for the transition
from one mode to the other. Therefore, the source of
moisture for the Mackenzie basin appears to be the sub-
tropical Pacific Ocean in winter and the Arctic Ocean
in summer.

3) There is a discrepancy between the annual cycle
of monthly moisture budgets as presented by Walsh et
al. (1994) and as calculated from the ECMWF reanal-
yses. The problem is most acute during the summer
months. Recently Cullather et al. (2000) have identified
a similar failure in the representation of summer mois-
ture transport over the Arctic Basin as represented in
interpolated radiosonde data. In addition, the annual wa-
ter budgets of the basin in both these estimates are about
100% larger than the actual discharge of the Mackenzie.
Possible sources of this discrepancy include an under-
estimation of the evaporation (by at least 10 mm
month~1). This underestimation is most pronounced in
the eastern part of the basin, where the field of divQ is
obviously noisy and unphysical in July—October. In ad-
dition, there is evidence of an incorrect assessment of
upper-level humidity fields in objective analysis data
(Smirnov and Moore 1999). There is also the potential
for significant errorsthat arise from the relatively coarse
resolution of the ERA fields.
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