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ABSTRACT
Gravity Recovery and Climate Experiment (GRACE) satellite gravity data are used to determine the
variability of terrestrial water storage within the Mackenzie River basin from October 2002 to September
2009. During that period, it is estimated that there is no significant (7 yr) linear trend in the water storage after
having accounted for postglacial rebound using the ICE-5G (VM2) ice sheet and Earth viscosity model.
Errors in this model may alter this conclusion. The GRACE gravity data are also combined with precipitation
and river discharge datasets to estimate trends in net precipitation and evapotranspiration in the basin. Net
precipitation is seen to have a significant trend with a corresponding increase in river discharge. Evapotranspiration was found to be constant over the study period.

1. Introduction
The Mackenzie River basin (MRB) is the second largest
basin in North America, with a drainage area of about
1.8 3 106 km2, and is the largest basin on the continent
to drain freshwater into the Arctic Ocean (Woo and
Thorne 2003). Freshwater discharge affects the salinity
of the Arctic Ocean (Macdonald et al. 1999) and in turn
the Atlantic meridional overturning circulation (Broecker
1997). Partly because of this connection to the global
climate system, the overall hydrological cycle of the region and its elements have been the subject of numerous
studies (e.g., Bjornsson et al. 1995; Louie et al. 2002;
Serreze et al. 2003). A particularly comprehensive analysis was the Water and Energy Budget Study (WEBS;
Szeto et al. 2008) associated with the Mackenzie Global
Energy and Water Cycle Experiment (GEWEX) Study
(MAGS; Stewart et al. 1998; Rouse et al. 2003). The
MAGS WEBS combined models, in situ observations,
and remotely sensed datasets to formulate a complete
water and energy budget of the MRB. However, because
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of the difficulties in measuring soil moisture and evapotranspiration and the scarcity of observations on a regional scale, both of these parameters were estimated
from forecast models (Szeto et al. 2008). The Gravity
Recovery and Climate Experiment (GRACE) represents
a unique opportunity for estimating terrestrial water
storage (TWS) and, when river discharge and precipitation datasets exist, inferring evapotranspiration.
Monthly GRACE gravity field estimates have been
used to determine the time variability of surface-mass
anomalies (e.g., Swenson and Wahr 2002; Wahr et al.
2004) since the twin satellites were launched in 2002.
These surface-mass anomalies have been used to derive
estimates of the TWS in continental hydrological cycles
over both global and regional scales (e.g., Tapley et al.
2004; Syed et al. 2005; Crowley et al. 2006; Syed et al. 2008).
Studies have also combined GRACE-determined TWS
with precipitation and river discharge datasets to estimate
evapotranspiration in many major drainage basins, though
not the Mackenzie (Ramillien et al. 2006; Rodell et al.
2004; Swenson and Wahr 2006). Our work complements
previous model-based studies of the Mackenzie region
(e.g., Stewart et al. 1998; Rouse et al. 2003) by contributing
estimates and trends of net precipitation and evapotranspiration derived from GRACE-inferred water storage,
river discharge measurements, and precipitation datasets.

DOI: 10.1175/2010JHM1278.1
Ó 2011 American Meteorological Society
Unauthenticated | Downloaded 07/29/21 12:24 AM UTC

468

JOURNAL OF HYDROMETEOROLOGY

VOLUME 12

We first use GRACE data to estimate the variability
of the terrestrial water storage in the MRB. The estimate is then combined with river discharge measurements to estimate the net precipitation in the basin. We
then estimate the (7 yr) trend of the basin evapotranspiration by combining the storage variation with regional
precipitation and river discharge observations. The results are then compared with evapotranspiration time
series estimated from the Global Land Data Assimilation System (GLDAS) driving the Noah, Variable Infiltration Capacity (VIC), Mosaic, and Community Land
Model (CLM) land surface models (LSMs).

2. Terrestrial water storage
The present analysis used the Center for Space Research Release 4 (CSR RL04) spherical harmonic solutions for every month from October 2002 to September
2009 with the exception of June 2003, which was not in the
available dataset. The RL04 datasets contain harmonics
up to degree 60, which roughly corresponds to a halfwavelength of 330 km. A decorrelation filter (Chambers
2006) was applied to the spherical harmonic coefficients
to correct for high-order correlated errors (Swenson and
Wahr 2006). Since the MRB is located in the North
American Arctic, the change in gravity field within the
basin can be attributed to both water storage and slow
adjustments associated with ongoing postglacial rebound (PGR) (Tamisiea et al. 2005). To isolate the
geoid variability due to water storage from that due
to postglacial rebound, the latter was subtracted from
observed GRACE signals by using a numerical prediction based on the ICE-5G (VM2) ice sheet and Earth
viscosity model (Peltier 2004). To determine the
anomalous geoid variability, the spherical harmonics
(after correction for postglacial rebound) were averaged over all 83 monthly GRACE solutions, and the
average was removed from each coefficient set. The
anomaly coefficients were then converted into equivalent surface water depth (ESWD) using the Love
number methodology described in Swenson and Wahr
(2002).
To generate a regional average of the anomalous
surface mass, a mask defining the MRB was constructed
(i.e., a field equal to one in the MRB and zero elsewhere). The mask/MRB has maximum north–south and
east–west dimensions of 1500 and 1400 km, respectively. A Gaussian smoothing function with a half-width
radius of 350 km was applied to the mask to reduce
the errors associated with the higher-order harmonics.
Figure 1 shows the averaging function constructed in
this manner. The 350-km half-width radius was selected
as a trade-off between estimation error and leakage of

FIG. 1. Averaging mask used for the MRB. The shading indicates
the averaging weight associated with a Gaussian smoothing function with a half-width of 350 km.

the averaging into regions outside the mask (Swenson
and Wahr 2002; Tapley et al. 2004). This half-width also
closely corresponds to the maximum resolution available from a spherical harmonic representation to degree 60 (Rummel et al. 2002). Spectral leakage from the
Gaussian filter causes an attenuation of trends in the
basin average. To account for this attenuation, a filtered
basin average was computed for the case of a synthetic,
constant signal, and this was compared with the associated, unfiltered basin average. Specifically, the ratio
between the unfiltered and filtered averages yielded
a scaling factor of 1.25 that was applied to every subsequent filtered average to account for the signal leakage from the basin.
Signal leakage into the MRB from influences outside
the basin is also a concern, particularly given the proximity to melting Alaskan glaciers. To account for this
leakage, spatially localized mass loss trends in the Alaskan
glaciers from 1993 to 2007 (G. Cogley 2010, personal
communication) were filtered using the Gaussian kernel
and scaled to account for filter attenuation. The melting
glaciers contributed a trend of 20.009 mm day21 to the
MRB signal, which was consequently removed from the
storage trends.
The degree-2 coefficients in the GRACE spherical
harmonics are characterized by a large uncertainty
(Velicogna and Wahr 2005). In this regard, following
Velicogna and Wahr (2005), these coefficients were
replaced by the degree-two coefficients determined from
satellite laser ranging, as analyzed by Cheng and Tapley
(2004).
The errors in the ESWD were estimated from a Monte
Carlo analysis that perturbed the spherical harmonic
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coefficients with their associated error statistics. The
mean and standard deviation of the perturbation results
for each of the monthly ESWD estimates were then calculated. This error estimation was performed prior to
filtering the spherical harmonics, thus enabling the use
of the error statistics provided with the GRACE dataset. An unweighted Levenberg–Marquardt least squares
regression was performed on the ESWD (W) to a form
that contains constant (W0), linear (W1), quadratic (W2)
and periodic (W*) terms as follows:
W(t) 5 W 0 1 W 1 t 1 W 2 t2 1 W*(t),

(1)

where t is the time referenced to an arbitrary epoch and
W*(t) is represented by the summation of four sinusoidal
terms that each contain independent amplitude, frequency, and phase parameters that were included as
state variables in the nonlinear curve fit procedure. The
regression found the optimal period of the sinusoidal
terms to be 18, 27, 232, and 312 days.
The four sinusoidal terms were included in the least
squares fit to add additional degrees of freedom to the
system for a better accounting of the higher-order variability than is achieved by either a simple polynomial fit
or by using two sinusoids representing the annual and
semiannual signals. The use of four sinusoids reduced
the root-mean square of the postfit residuals by 61%
relative to a fit to annual and semiannual terms and was
consequently deemed a better representation of the
higher-order variability.
Figure 2 shows the monthly estimates for W in the
MRB determined from GRACE data (circles) along
with the least squares fit (solid line) and the linear and
quadratic trend within this fit (dashed line). Table 1 lists
the coefficients determined from the least squares curve
fit. The water storage is characterized by insignificant
linear and quadratic trends of 20.002 6 0.012 mm day21
and 20.0002 6 0.0017 mm day21 year21, respectively.
Ongoing postglacial rebound is a significant component of the secular trend in the gravity signal within the
MRB, and our correction for this effect, based on the
ICE-5G (VM2) model, is susceptible to two classes of
error. First, the ICE-5G (VM2) model is composed of
both an ice sheet history and a one-dimensional (depth
dependent) mantle viscosity profile; predictions based
on this model are highly sensitive to errors in each of
these elements of the model. Second, ICE-5G (VM2) is
constrained to gravimetric observations (Peltier 2004)
that contain hydrological as well as PGR signals, and so
the adoption of this model to correct for the latter may
introduce a bias in the PGR-corrected GRACE trends.
In the following, we attempt to estimate the size of both
these errors.

FIG. 2. ESWD anomalies in the MRB inferred from GRACE
data (circles) and a least squares line of best fit to this data [solid
line; Eq. (1)]. The net linear and quadratic trend of the least squares
fit is shown as the dashed line (the coefficients of the trend are listed
in Table 1).

Figure 3 shows the GRACE-derived water storage
time series for cases where the signal is not corrected
for postglacial rebound, as well as after a correction
has been applied using the ICE-5G (VM2) model (as in
Fig. 2) and the older ICE-3G model (Tushingham and
Peltier 1991). In contrast to ICE-5G, ICE-3G was derived without an assimilation of gravity observations.
It is clear from the figure that the uncorrected storage
has a significant positive trend, which the ICE-5G correction (0.055 mm day21 in equivalent surface water depth)
effectively removes. In contrast, the ICE-3G correction has
a smaller amplitude (0.020 mm day21), leading to a significant residual (PGR corrected) trend.
To isolate the degree to which the hydrological signal
is contaminating the gravimetric constraints used in the
original derivation of the ICE-5G (VM2) model, we use
the 1.08 GLDAS/Noah model output to estimate the
time variation of the water storage at the closest constraint point to the Mackenzie River basin, located at
Churchill, Manitoba. The gravimetric constraint on the
TABLE 1. TWS least squares fit coefficients.
Least squares fit coefficient

Value

Constant (mm) (W0)
Linear (mm day21) (W1)
Quadratic (mm day21 yr21) (W2)

13 6 7
20.002 6 0.012
0.0001 6 0.0017

Unauthenticated | Downloaded 07/29/21 12:24 AM UTC

470

JOURNAL OF HYDROMETEOROLOGY

VOLUME 12

TABLE 2. Precipitation and discharge flux least squares fit
coefficients.
Least squares fit coefficient

Value

P constant (mm day21) (P0)
P linear (mm day21 yr21) (P1)
R constant (mm day21) (R0)
R linear (mm day21 yr21) (R1)

1.42 6 0.07
0.011 6 0.016
0.35 6 0.01
0.013 6 0.004

in this flux affect local atmospheric moisture content, and
this has implications for regional climate because of the
strength of water vapor as a greenhouse gas. Estimates
of P 2 E can be derived from the following terrestrial
hydrological balance (e.g. Crowley et al. 2006):
dW(t)
5 P(t)
dt

FIG. 3. Water storage time series with no postglacial signal removed (dotted–dashed line), an ICE-3G-based correction (dashed
line), and an ICE-5G-based correction (solid line).

ICE-5G (VM2) model at this site was associated with
measurements by Lambert et al. (2001), who obtained
a gravity anomaly at the earth’s solid surface of 22.13 6
0.23 mGal yr21. Converting a least squares fit of the
GLDAS water storage into an equivalent gravity anomaly yielded a water storage contribution of 20.20 6 0.08
mGal yr21 at this site. It should be noted that in using the
results of the GLDAS/Noah land surface model to estimate the hydrological component of the gravity anomaly
that such models are known to be less accurate in snowdominated/glaciated regions due to snow or missing surface or groundwater components. Nevertheless, while the
GLDAS-derived hydrological gravity component falls
within the experimental error, it still comprises 10% of
the gravity observation, a portion that could impact any
PGR-corrected linear trends extracted from the water
storage signal.
In the analyses below, we use the ICE-5G (VM2) model
to correct the GRACE time series; however, we emphasize that the accuracy of our estimates of various
hydrological trends will dependent on the veracity of
the ICE-5G (VM2) ice history and earth model.

3. Linear trends in net precipitation
Trends in the difference between precipitation (P) and
evapotranspiration (E), also called net precipitation, are
important because they describe changes to the moisture
flux between the land surface and the atmosphere. Changes

R(t)

E(t),

(2)

where R is the runoff within the basin.
Investigating the hydrological cycle in more detail, the
terms on the right-hand side (rhs) of Eq. (2) were divided into periodic and nonperiodic constituents as was
done for the water storage in Eq. (2). As an example,
following Crowley et al. (2006), the discharge can be
expanded into constant, linear, and periodic terms as
R(t) 5 R0 1 R1 t 1 R*(t)

(3)

and similar equations may be written for P 2 E. As in
the case of the water storage representation, R*(t) was
represented as the summation of four sinusoidal terms
with the same frequencies as were derived in the water
storage decomposition.
The basin runoff was constrained using data from a
flow gauge (station 10LC014) maintained by the Water
Survey of Canada on the Mackenzie River at Arctic Red
River. While this gauge only represents drainage from
1.68 3 106 km2 of the 1.8 3 106 km2 area of the entire
basin, it is the last gauge before the river distributes itself
into the Mackenzie delta and as such is a good approximation for the total flow for the Mackenzie River system (Woo and Thorne 2003). The river discharge data
were evenly distributed over the basin, and the same
350-km half-width Gaussian smoothing filter was applied to this distribution. Table 2 includes a summary of
the least squares fit to the river discharge (plotted with
the original time series in Fig. 4), which indicates an
increase in the discharge rate over the study period.
To estimate the linear trend in net precipitation, Eq. (1)
was differentiated with respect to time and substituted
into Eq. (2), along with the decomposed versions of
P 2 E and R. Neglecting the periodic components and
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FIG. 4. Precipitation within, and Mackenzie River discharge
from, the MRB. The solid black line is the precipitation rate inferred from CMAP, the dashed black line is the curve fit to the
precipitation rate, and the dotted black line is the linear trend of
this precipitation. The solid gray line is the discharge from the
Mackenzie River, the dashed gray line is the curve fit to the discharge, and the dotted gray line is the linear trend of the river
discharge.

collecting terms of similar order in t and t 2 yields two
equations as follows:
(P

E)0 5 R0 1 W 1 ,

(P

E)1 5 R1 1 2W 2 .

(4)

Performing this calculation indicates that annual
net precipitation over the study period was 0.35 6
0.11 mm day21 with a rate of change of 0.013 6
0.006 mm day 21 yr21 . This equates to an annual average moisture addition of 132 6 42 mm to the basin,
which agrees well with the estimate from Serreze et al.
(2003) of 142 mm. Table 3 summarizes the calculation
results. The linear trend is significantly larger than the
Arctic Climate Impact Assessment projections of an
increase in net precipitation over the Mackenzie River

basin of 10% from 1981 to 2000 to 2071 to 2090 (Walsh
et al. 2005). However, the short duration of the GRACE
dataset, and the potential errors in the ICE-5G (VM2)
model, means that this discrepancy may not be significant.
As first discussed by Rodell et al. (2004), care must
be exercised when combining temporally averaged
GRACE data products with other hydrological datasets
using the instantaneous water balance relation [Eq. (2)].
Swenson and Wahr (2006) demonstrate that a full
accounting of the relationship between the GRACEestimated monthly storage changes and the other hydrological fluxes [i.e., the left-hand side of Eq. (2)] requires
a term representing the total flux accumulation rate from
one GRACE averaging period to another and a second
term representing the difference in the average flux accumulation between the GRACE period and the previous one divided by the time interval between the start of
the first averaging period to the beginning of the second.
However, to allow for the computation of the monthly
averages of the P 2 E flux (and later the E flux), the full
relationship is approximated by the average accumulation rate from one GRACE period to another. To estimate the error incurred by this approximation, the rootmean-squared values of the approximate and full flux
accountings were computed over the study period using
the Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP), Water Survey of Canada discharge, and GLDAS/Noah evapotranspiration estimates.
A comparison of the root-mean-squared values indicates
that the approximation introduces a 30% error into the
flux estimate that is added in quadrature to the error on
the P 2 E (and E) estimates.

4. Linear trends in evapotranspiration
To further explore relative contributions to the hydrological balance, we add precipitation estimates to
Eq. (2) to compare observed trends in precipitation with
estimates of evapotranspiration.
The precipitation in the MRB was determined using
the mean monthly precipitation rates provided by the
CMAP datasets on a 2.58 3 2.58 global grid. To perform
a consistent comparison with the water storage, the precipitation dataset was processed with the same 350-km
half-width Gaussian smoothing filter that was previously

TABLE 3. Net precipitation and evapotranspiration linear trend estimates (N/A 5 not available).
Trend coefficient
21

Net precipitation constant (mm day ) [(P 2 E)0]
Net precipitation linear (mm day21 yr21) [(P 2 E)1]
E constant (mm day21) (E0)
E linear (mm day21 yr21) (E1)

Estimated value

GLDAS value

0.35 6 0.11
0.013 6 0.006
1.07 6 0.33
20.002 6 0.017

N/A
N/A
0.84 6 0.19
0.014 6 0.004
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applied to the GRACE dataset. The results of the least
squares fit to the precipitation time series shown in Fig. 4
and summarized in Table 2 indicate an increasing trend in
the precipitation over the study period.
To estimate the linear trend in evapotranspiration, we
rearrange Eq. (4) to give
E0 5 P0

R0

W1,

E1 5 P1

R1

2W 2 .

(5)

Each of the terms on the rhs is determined from the
results of the least squares fits on P, R, and W. Table 3
summarizes the results of this exercise. The table also
includes the analogous values determined from the
mean and standard deviation of trends fit to the evapotranspiration time series of the four land surface models
associated with GLDAS: Noah, VIC, CLM, and Mosaic.
There is clearly excellent agreement between the constant rate values of these two estimates. The GLDAS
linear trend in E is greater than the estimated balance
value; however, the discrepancy is insignificant relative
to the error associated with these estimates.
The GEWEX study compared the basin-averaged
evapotranspiration estimates of five models and found
an average of 1.12 mm day21 with a standard deviation
of 0.38 mm day21 over the 5-yr analysis period that
spanned from June 1997 to May 2002 (Szeto et al. 2008).
Our estimate of 1.07 6 0.33 mm day21 agrees well with
the GEWEX results. The GEWEX study does not
present a trend in the evapotranspiration.
The separation of the balance components indicates
that evapotranspiration is the largest hydrological sink
in the basin, with a rate that is greater than 3 times that
of the river discharge. However, the associated trends
suggest that the discharge rate is increasing significantly
faster than changes in evapotranspiration rate. The implication of the river discharge becoming a stronger sink
relative to the evapotranspiration is that freshwater
input to the Arctic Ocean will be greater than if evapotranspiration remains the dominant sink because of precipitation recycling on land. The increases to freshwater
discharge may have consequences for climate, as discussed above.

VOLUME 12

Ocean, between October 2002 and September 2009.
However, we caution that errors in the ICE-5G model
may alter this conclusion. Moreover, by combining the
water storage estimate with precipitation and river
discharge observations, the (7 yr) linear trends of net
precipitation and evapotranspiration were also estimated for the MRB. Net precipitation was found to
have an increasing trend that is significantly larger
than the model-derived predictions appearing in the
Arctic Climate Impact Assessment report.
No significant increase in evapotranspiration was found
over the study period with the result that the precipitation was absorbed by a comparable increase in river
discharge. The constant component of evapotranspiration, E0, is in good agreement with both the GLDASassociated land surface models and other previous
(non-GRACE) studies of the basin hydrology. However,
our first-order component to the linear trend is smaller
than the model-estimated value, though the large error
associated with both the GLDAS output value and the
balance value makes the discrepancy insignificant.
We emphasize that all of the above-mentioned results
are based on a relatively limited (7 yr) GRACE time
window and that these estimates may be biased by the
adopted postglacial rebound model. Our conclusions
are, in this regard, preliminary. Nevertheless, our results
suggest that continued monitoring of the hydrological
trends is in order, and in this case the methodology we
outline above should serve as a framework for such
analyses.
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