
Figure 1.  Northern Hemisphere Permafrost regions. The map is from
the UN Environmental Programme Arctic, Environmental Atlas
(http://maps/grida.no/arctic/).
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GRACE Hydrologic Mass Balance Secular Trends and Variations on Arctic Permafrost Watersheds
Reginald R. Muskett  Geophysical Institute, University of Alaska Fairbanks, USA

Permafrost is largest component of the Arctic cryosphere by area extent.
Over the last century, substantial changes in storage and cycling of fresh
water have been observed.  Observations of the globally distributed
hydrologic mass balance (water equivalent thickness change relative to
the geoid) from the Gravity Recovery and Climate Experiment mission
offer to provide a greater understanding of the processes controlling
redistribution of water mass (groundwater storage, discharge, snow water
equivalent storage, vegetation water storage, and ice sheet mass balance)
under ongoing effects of climate warming.  Using newly processed monthly
GRACE grids, Level-3 Release 4, de-striped, adjusted for post-glacial
rebound I investigate the hydrologic mass balance of the Arctic watershed
regions.  Regionally-averaged monthly time series show strong seasonal
periodicity, with maxima occurring in April/May and minima in September
and October.  Eurasian watersheds have significant positive secular trends.
The Ob-Irtysh watershed shows a water equivalent gain of 22.69 ± 13.39 km /yr,
and the Lena watershed shows a water equivalent gain of 44.69 ± 8.36 km /yr
rom August 2002 through March 2008. The Mackenzie watershed shows a
water equivalent volume change of -5.58 ± 7.18 km /yr in the same time period.
The permafrost area extent in the watersheds investigated shows the
Ob-Irtysh draining the least continuous permafrost extent and the Lena
draining the most. The Mackenzie watershed drains a mixture of continuous
and discontinuous permafrost area extents. Regionally-average snow water
equivalent time series show seasonal periodicity whose maxima and minima
occur one month ahead of the GRACE time series.  Secular trends of snow
water equivalent show neither significant gain nor loss over the time period.
This removes snow water equivalent (a component of surface water storage)
as being the source of the GRACE secular trends. A subsurface source of
water mass exchange of the GRACE secular trends on the Arctic watersheds
is suggested.
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The co-orbiting satellites of the Gravity Recovery and Climate Experiment
(GRACE) do not measure variations in gravity or mass directly (Chambers,
2006).  Rather, measurements in the variations of the inter-satellite range
(range rate and range acceleration) is measured, coupled with accurate GPS
location relative to the International Terrestrial Reference Frame 2005, to
estimate values of the time change in spherical harmonic geopotential
coeficients, C and S, to degree and order 120 (the Level-3 grids are
complete to degree and order 40). These are then used in the expansion
below to estimate movement of water mass:
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Method
The GRACE Release 4 Level-3 300 km smoothing kernal land and ocean
monthly grids, from August 2002 through March 2008, were combined to
give global coverage, then adjusted by a Glacial Isostatic Adjustment grid
(Paulson et al., 2007).  Figure 2. Shows the GRACE water equivalent
thickness changes on the terrestrial portion of the northern hemisphere at
at Septermber 2006, and May 2007. These were chosen to illustrate the
spatial non-uniform distribution of the seasonal amplitude range of terrestrial
sourced regions. The GRACE hydrologic mass balance, northern hemisphere,
in general shows minimum in September and maximum in May.

The latest report, chapter 4, of the International Panel on Climate Change
2007 (IPCC 07) states that frozen ground, which includes permafrost, is by
area extent the largest component of the cryosphere (Lemke et al., 2007).
Thawing of ice-rich permafrost can lead to significant surface subsidence
affecting changes in ecosystems, landscape, and where human habitats are
established, significant infrastructure damage. The processes of surface
freezing and thawing, growth or degradation of permafrost affect land surface
energy and moisture fluxes (balances) which in turn have feedbacks with
biogeochemical cycles, climate and hydrologic systems (Denman et al., 2007).

Two factors which act as primary controls on hydrologic processes in the
northern latitude regions are the presence or absence of permafrost and the
thickness of the active-layer (the top layer of soil that thaws during the
summer and freezes in autumn) (Denman et al., 2007; White et al., 2007).
Geographically diverse observations of permafrost temperature (~ 2m
depth) show temporally and spatially non-uniform changes, mostly
increases, over the twentieth century (Osterkamp, 2007; Romanovsky
et al., 2007). These correlate well to surface air temperature changes
on decadal time scales.  Permafrost temperatures in eastern Siberia show
the largest magnitude of increases of a few degrees centigrade whereas parts
of western North America shows lower magnitudes of permafrost temperature
increases.  Increasing surface air temperatures, from climate warming
over the same period cannot fully account for increasing permafrost
temperatures, suggesting that variability and secular trends in snow cover
may be a contributing factor.  Satellite data suggest that the continuous
permafrost zone in Siberia had increases in lake area (thermokarst lakes
formed by processes of degradation of permafrost) of up to 12%, and the
number of lakes increased by 4% over the last 30 years.

Global satellite observations from the Gravity Recovery and Climate
Experiment (GRACE) have shown to be great promise in detecting secular
trends and spatial-temporal variations in land and ocean hydrologic mass
balance (equivalent water thickness change) since the operational period
beginning in August 2002 and ongoing (Tapley et al., 2004; Wahr et al.,
2004, 2006; Chambers, 2006).  I investigate the GRACE observations for
addressing permafrost and active layer change in the Lena and Ob-Irtysh
River watershed regions in Eurasia and the Mackenzie River watershed
region in North America (Fig. 1).

Introduction

Remotely Sensed Snow Water Equivalent
Global snow water equivalent estimates on a monthly time basis derive from the
NOAA Defense Meteorological Satellite Program by the Special Sensor Micro-
wave/Imagers (SSM/I), are proveded by the National Snow and Ice Data Center
(http://nsidc.org/data/docs/dac/nsidc_0271_ease_grid_swe_climatology.gd.html).
SSMI and its predecessor instrument, has been retrieving passive microwave data
since 1978.  Snow Water Equivalent (SWE) estimates in units of millimeters were
derived using the horizontally polarized difference algorithm for the 19 and 37 GHz
channels from daily orbit swath acquisitions aily retrievals
are averaged to compose monthly estimates.  Missing retrievals due to swath
coverage gaps are interpolated from neighboring swaths.  Sensor resolution is
about 69 by 43 square kilometers. The monthly data are gridded in the equal-area
Ease-grid projection system at about 25-by-25 kilometer grid intervals.

On the Arctic Permafrost watershed regions examined, the seasonal maximum SSM/I
SWE occurs in February, after which the seasonal minimum occurs in June through
September.  Figure 3 shows plots of the northern hemisphere SWE (in centimeters)
for June 2006 and February 2007.

(Chang et al., 1987). D
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Results

Figure 2. Terrestrial northern hemisphere GRACE water equivalent
thickness changes (cm),  September 2006 (a) and May 2007 (b). These
are the seasonal cycle minimum and maximum, respectively.

a

b

Monthly GRACE water equivalent thickness change is compared to SSM/I SWE
by extracting data within the geographic extents of the Lena, Ob-Irtysh and
Mackenzie river watersheds. Area-average sample mean, standard deviation and
standard error are computed. The monthly area-average means and standard
deviations are then plotted in time series.  Least-squares trends are computed
for each time series. The area of each watershed extent allows for the water
equivalent thickness changes to be cast as water equivalent volume changes.

Figure 4 shows comparisons of area-averaged monthly time series, sample mean
and standard deviation, and least-squares time regressions on the Lena (a), Ob-
Irtysh (b) and Mackenzie (c) permafrost watershed regions.

The trends indicate the Lena, which has largest extent of continuous permafrost,
had the largest water equivalent volume gain of 44.69 8.36 km /yr from August
2002 through March 2008. The Ob-Irtysh, which has the least extent of continuous
permafrost in in Eurasia, had a water equivalent volume gain of 22.69 13.49 km /yr
in the same period. The Yenisei River watershed, not shown here,had a trend of
water equivalent volume gain whose magnitude was intermediate to that of the Lena
and Ob-Irtyshmagnitudes. The Mackenzie River watershed  in North America, which
has the least extent of continuous permafrost for the watersheds in this comparison,
had a water equivalent volume change of -5.58 .  Seasonal variation is
consistent across the watershed regions with minima in September-October and
maxima in April-May over the period from August 2002 through March 2008.

The trends in SSM/I SWE indicate no significant trend of loss or gain on the Arctic
permafrost watersheds in the period from August 2002 through March 2008.
Seasonal variation is consistent across the watershed regions with minima in June
through August and maxima in February-March.

The time series (Fig. 4) shows that on the Arctic permafrost watershed regions
SSM/I SWE maxima lead the GRACE mass balance maxima by one to two months.
Regressions of SSM/I and GRACE have low R values of 0.15 (Lena), 0.19 (Ob-
Irtysh) and 0.21 (Mackenzie).  Shifting the SSM/I SWE time series forward by two
months improves the R values to 0.52 (Lena), 0.48 (Ob-Irtysh) and 0.58 (Mackenzie).

Power spectral density by the parametric methods was applied to the GRACE  time
series in Fig. 4. The most significant power is located at about 6 months, with lower
power at 12 and 18 to 20 months for all the time series. The GRACE Mackenzie time
series has lower power at about 24 months, in addition to the 6, 12 and 18 month
peaks.

GRACE Trends and Variations

SSM/I SWE Trends and Variations

Seasonality of SSM/I SWE vs GRACE Mass Balance

3

3

2

2

±

±

± 7.18 km /yr3

In this investigation I have made comparisons of the GRACE water equivalent
mass changes (mass balance) with the SSM/I SWE changes, on a nominal
monthly basis from August 2002 through March 2008. The discordance of the
Least-squares time regression trends of GRACE and SSM/I SWE, lack of
correlation of variation, and differences of timing in their seasonal cycles
indicates that the source of the GRACE water mass change on the Arctic
Permafrost watershed regions is not due to surface snow water change.  If the
seasonal loading-unloading of vegetation water content is small, then the
source of the GRACE water mass changes must lie in the subsurface.
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Figure 4.  GRACE (green) and SSM/I SWE (blue) derived water equivalent
time series.  Nominal monthly area-average sample mean (box or diamond)
and standard deviation (bars) are plotted.  Permafrost watershed regions
are (a) Lena River, (b) Ob-Irtysh River and (c) Mackenzie River systems.

Figure 3.  Northern hemisphere SSM/I snow water equivalent thickness
(mm), June 2006 (a) and February 2007 (b). These are the seasonal
cycle minimum and maximum, respectively.

a

b

Two studies have given examples of processing stratiges of the GRACE datasets
with the aid of surface and subsurface hydrologic models to estimate snow mass
changes (Frappart et al., 2006; Niu et al., 2007).  Simarly, Syed et al. (2007) and
Ramillien et al. (2008) estimated freshwater discharge and land water storage
using augmented processing schemes of the GRACE datasets, respectively.
By hypothesis, GRACE hydrologic Mass balance on continents should be the
sum of water mass changes (snow accumulation, rain fall, lake-wetland-pond
storage, soil moisture, evaporation, sublimation and runoff) occurring near the
land surface (Wahr et al., 2004).

Currently, I am processing data from the Advanced Microwave Scanning
Radiometer for the Earth Observation System for soil moisture and vegetation
water content for comparison with the GRACE water mass balance.  I will
present the results at a future meeting.
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