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Lake Level Change From Satellite Altimetry Over
Seasonally Ice-Covered Lakes in the Mackenzie

River Basin
Yuande Yang , Philip Moore , Zhenhong Li, and Fei Li

Abstract— Variations in water levels of seasonally ice-covered
subarctic lakes are indicators of environmental and climatic
change. Satellite altimetry enables remote sensing of these lakes,
but the lake phenology is problematic as radar reflection surfaces
include water, snow, and ice. Reflection from multiple surfaces
gives rise to two-peak waveforms across ice-covered lakes. Misin-
terpretation of the altimetric height has caused extracted water
levels to be low compared with gauge data. In this study,
a modified retracker is used to determine heights from the first
altimetric subwaveform. Using in situ snow depth and ice thick-
ness, the first reflection surface is shown to correspond closely
to the snow/ice interface when the lake is frozen. The modified
retracker is applied to the Great Bear Lake (GBL), Great Slave
Lake (GSL), and Lake Athabasca (ATL) of the Mackenzie River
Basin for the period 1992–2020. Standard deviations (Std) of
differences between lake levels from Jason-2 waveforms and
in situ data across GBL and GSL are 0.06 m with the new
methodology compared with 0.11 and 0.08 m, respectively, using
the standard Ice retracker. With an Std of 0.11 m between
altimetric and gauge lake levels, TOPEX/Poseidon is less accurate
than the combined Jason missions (Std: 0.07 m).

Index Terms— Lake level, Mackenzie River basin, reflection
surface, satellite altimetry, seasonal ice-covered lake.

I. INTRODUCTION

LAKE level change is significant for environmental stud-
ies, global climate research, and the planning and man-

agement of regional resources [1]–[5]. In situ observations can
monitor lake level variations, but the number of gauges has
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declined since the 1980s, with gauges unavailable in many
Asian and African countries [6]. For the Arctic and subarc-
tic lakes, the scarcity of continuous in situ monitoring has
constrained spatiotemporal evaluation in response to climate
variability. Although primarily conceived to measure sea level,
satellite altimetry has an established capability for inland water
and cryospheric studies [7]–[9]. Altimetry has been used over
inland waters since the 1990s to monitor lakes, wetlands,
rivers, and reservoirs. In one of the earliest studies, Morris
and Gill [10] monitored water level changes in the Great
Lakes. The success of altimetry in inland water has led to the
development of databases that focus on large basins and major
rivers, such as the Mekong and Amazon [11]–[14]. However,
as noted in [13]–[15], inland water is more problematic than
open oceans and seas. In particular, altimeter missions will
not overfly all inland waters, with small water bodies missed
by repeat pass missions due to the across-track spacing of the
ground tracks. Over smaller water bodies, the waveforms are
often complex and compound due to various reflectors within
the footprint; the typical 20-Hz waveform data may suffer
from pointing issues as the ground points are spaced about
330 m apart along-track for nadir pointing altimeters. Satellite
altimetry can also lose lock while the altimeter fails to adjust
to rapidly changing topography along the ground track [16].
In terms of height extraction from radar altimetry, the standard
oceanic Brown waveform model is generally not applicable
over inland waters. A single-peak specular waveform is not
untypical over large rivers and lakes. To extract oceanic and
inland water levels, waveform retrackers have been developed
to improve the accuracy of the range from the satellite to
reflector [14]–[20]. For ice-covered lakes in the Arctic and
subarctic, there is a further complexity due to multiple alti-
metric reflection surfaces. Snow crystals, snow density, ice
lenses, and liquid water content are factors affecting reflection
from snow, while the density and size of air bubbles within
the ice layer the dominant parameters for ice reflection [21].
Thus, the interpretation of the reflection surface is a challenge
in using satellite radar altimetry to retrieve ice-covered lake
levels. Ricko et al. [22] reported erroneously large differences
between altimetric and in situ heights during ice-covered sea-
sons for Mackenzie Basin lakes, noting a difference of 1.69 m
in 1995 for Lake Athabasca (ATL).

However, change in the nature of the reflection surface
causes temporal variations in the waveform characterization.
It has been shown [21] that satellite altimetric waveforms
exhibit double peaks during the ice-covered seasons in Arctic
lakes, which can then be used to retrieve ice thickness.
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Double-peaked waveforms are ideally suited for subwave-
form (SW) analysis. Such analyses are proven to be beneficial
in subdividing the waveform, enabling focus on the waveform
component across gates pertinent to a particular reflection
signature. SW retracking has been used in coastal regions [20]
and across rivers and lakes [23]–[25]. Failure to consider
the presence of multipeaks partly explained the errors in
[22]. In that study, heights were extracted from the assumed
leading edge on the basis that the waveform exhibited a
single peak rather than a compound waveform with reflections
from multiple surfaces. Similar results are seen in this article
when an SW retracker is utilized in an initial comparison of
altimetric and in situ lake levels heights. The altimetric lake
levels are lower than in situ heights during ice-covered seasons
as the retracker focuses on the dominant second peak of the
waveform. To retrieve ice-covered lake levels, a modified SW
retracker is applied. The double-peak SW is further divided
into two component subwaveforms (CSWs). Examination of
the offsets among the reflection surfaces, namely, the air–snow,
snow–ice, and ice–water interfaces, enables water levels to be
recovered from the first CSW. The procedure is applied to the
three largest lakes of the Mackenzie River Basin to determine
lake level time series from 1992 to 2020.

This article is structured as follows. Section II introduces
the study area and data sets employed within the analysis. The
methodology is introduced in Section III. Section IV examines
the possible reflection surfaces using in situ ice thickness and
snow depth data, confirming that the recovered lake levels
correspond closely to the snow–ice interface in the ice seasons.
Using results from the previous sections, the time series of lake
levels is presented in Section V and compared against in situ
gauge data. Conclusions are presented in Section VI.

II. STUDY AREA AND DATA SETS

A. Study Area
ATL (area 7900 km2), Great Slave Lake (GSL, 28 568 km2),

and Great Bear Lake (GBL, 31 328 km2) of the Mackenzie
River Basin (see Fig. 1) are selected to investigate lake level
variations. The temperatures range between −50 ◦C and 30 ◦C,
with a typical −30 ◦C to −25 ◦C in winter and 15 ◦C to 20 ◦C
in summer. There is a strong precipitation gradient within the
Mackenzie River Basin with annual precipitation exceeding
1000 mm in southwest mountainous areas, decreasing to
300 mm in the northeast [26], [27].

B. Data

1) Altimetric Data: The TOPEX/Poseidon (T/P) altimeter
mission series, including T/P and Jason-1/2/3, are utilized to
derive lake levels over ATL, GSL, and GBL. The principle of
satellite altimetry is shown in Fig. 2. These satellite missions
have a repeat ground track of 9.92 days. With an inclination
of 66◦, the subsatellite ground tracks cover ATL and GSL
but only partially cover GBL due to its location beyond the
northern limit of the orbit. Altimetric data are extracted from
Sensor Geophysical Data Records (SGDRs), over the period
1992–2002, 2002–2009, 2008–2017, and 2016–2019 for T/P
and Jason-1/2/3, respectively. The details of the SGDR retrack-
ers and data providers are given in Table I. SGDRs contain

Fig. 1. Location of the study area, T/P passes, and pressure gauge locations.

Fig. 2. Principle of satellite altimetry over ice-covered lakes.

the satellite altitude, raw range, heights from retrackers, instru-
mental corrections, ionospheric, wet and dry tropospheric
corrections, other geophysical corrections (e.g., solid Earth
tides), and T/P 10-Hz and Jason 20-Hz waveforms. As onboard
radiometers are saturated by brightness temperatures over land,
the European Centre for Medium-Range Weather Forecasts
(ECMWF) modeled tropospheric delay is applied [13].

2) Lake Level Observations: Lake gauge data were
collected by the environment and natural sources of Canada
(https://www.canada.ca/en/services/environment). In this
study, data from Cracking Stone (ATL), Hay River (GSL),
and Hornby Bay (GBL) are utilized with locations shown
in Fig. 1. Data are from January 1992 to December 2017 for



YANG et al.: LAKE LEVEL CHANGE FROM SATELLITE ALTIMETRY OVER SEASONALLY ICE-COVERED LAKES 8145

TABLE I

T/P AND JASON ALTIMETRY

ATL and GSL and January 1992 to December 2016 for GBL.
For lake level monitoring, environment and natural resources
employ either submersible pressure transducers or pressure
purge systems connected to a transducer on the shore. Both
types rest on the lake bottom near the shoreline attached
either by an air tube (pressure purge system) or electric
cable (submersible transducer) and measure hydrostatic
pressure of the water column above the sensor (Randy Wedel,
private communication). With ice cover, this also includes
the weight of the ice and snow as part of the water column.
The data from the transducers are converted to a water
level relative to a vertical datum connected to the Canadian
Geodetic Vertical Datum 2013, CGVD2013a. Despite ice
cover conditions during the winter months, the water levels
fluctuate in response to wind and differences in barometric
pressure, which results in variable seiche effects observed in
real-time data. By using daily averaging, the seiche effects
will be minimized. In situ data are collected at near shoreline
locations, often in bays, and, thus, potentially present a
different ice environment to more open lake altimetric
conditions. The difference in the ice environment may give
rise to water level differences at the cm level or higher
(Randy Wedel, private communication).

3) Ice Thickness and Snow Depth Data: Weekly in situ
ice thickness measurements, from drill holes on GSL near
Yellowknife, are collected by the Canadian Ice Thickness
Program (CITP) of the Canadian Ice Service. Data for the
months November to May from 2002 onward are available
for the ice season (https://www.canada.ca/en/environment-
climate-change/services/ice-forecasts-observations/latest-
conditions/archiveoverview/thickness-data.html). Snow depth
is available in the same site.

III. METHODOLOGY

A. Seasonally Ice-Covered Lakes: Altimetric Waveforms

CryoSat-2 altimetric waveforms exhibit double peaks during
ice-covered seasons in Arctic lakes [21]. We show the annual
change in the waveform composition for conventional nadir
pointing altimeters by reference to the T/P mission series.
Fig. 3 shows the temporal variation of GSL waveforms from
Jason-2 pass 045 (see Fig. 1). Fig. 3 presents waveform
profiles on June 15 (late ice melt) and 25 and November 11
(open water) and December 11 (early ice season) in 2009.
In 2010, January 10 and March 10 are mid-season ice, April 9
late-season ice, April 19 early ice melt, and May 28 ice melt.
The specular waveform of Fig. 3(a), with its high singular
peak, sharp decline, and low power in the tail, is indicative

Fig. 3. Temporal variation of GSL Jason-2 pass 045 waveforms (black curve)
with smoothed waveforms on (a) Jun 15, 2009; (b) Jun 25, 2009; (c) Nov 11,
2009; (d) Dec 11, 2009; (e) Jan 10, 2010; (f) Mar 10, 2010; (g) Apr 9, 2010;
(h) Apr 19, 2010; and (i) May 28, 2010.

of scattering from flat ice or meltwater on an ice surface.
Fig. 3(b) and (c) shows single-diffuse-peak waveforms that
are typical reflections from open water. The high power in
the tail is due to surface roughness and off-nadir reflections as
observed in oceanic returns. An early ice season waveform
is given in Fig. 3(d). Fig. 3(d) is similar to Fig. 3(a) but
with different powers in the tail. Two peaks separated by
a number of range gates are observed in Fig. 3(e). These
peaks represent differential scattering from interfaces among
air, snow, ice, and water in the early lake ice growth season.
The same peaks can be seen in Fig. 3(f) and (g), with an
increasing range gate difference, indicating reflections from
thicker ice in the later ice growth season. Fig. 3(h) is similar
to Fig. 3(d), but from early ice melt. Fig. 3(i) is almost the
same as Fig. 3(a), indicating similar reflections. Waveforms
for T/P, Jason-1, and Jason-3, are given in Figs. S1–S3 in the
Supplementary Material.

For seasonally ice-covered lakes, the vertical distribution
of air, snow, ice, and water is shown in Fig. 2, leading to
the actual waveforms (see Figs. 3 and 4) characterized by
two peaks separated by a number of gates (equivalent to
offset in vertical height) during ice seasons, as shown in
the CryoSat-2 waveforms [21]. However, there are differ-
ences between the T/P family (see Figs. 3 and S1–S3) and
CryoSat-2, as the power of the first peak is smaller than
the second for the T/P family, while the CryoSat-2 peaks are of
similar amplitude. CryoSat-2 operates in one of three modes:
the pulse-limited low-resolution mode (LRM) that is the same
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as the T/P family, synthetic aperture radar (SAR) mode,
and interferometric SAR mode (SARin) [28]. Over the lakes
considered, CryoSat-2 operated in the SARin mode. In the
SARin mode, the left antennas transmit bursts of coherent
radar pulses with the reflected pulse received by the left
and right antennas. Interferometry allows inference of surface
slope. The SARin processing strategy is the same as SAR with
the bursts directed into narrow beams directed at ground points
approximately 300 m apart [29]. The SAR/SARin waveforms
have different characteristic shapes over oceans and inland
waters to the LRM of CryoSat-2 and T/P family of missions.
For all satellites, waveforms with two or more peaks during
the ice-seasons can be subdivided into SWs, as air/snow,
snow/ice, and/or ice/water provide separate components of the
waveforms.

B. SW Threshold Retracking

The SGDRs provide lake heights from three retrackers:
MLE3, MLE4, and Ice [30]. However, none of these trackers
are designed or tuned for ice-covered lakes; particularly,
the two-peak waveforms observed during the ice seasons.
This study develops a modified SW approach for two-peak
waveforms during the ice seasons. For all waveforms, we first
extract an SW that is retracked using the OCOG/Threshold
retracker [31] to obtain the height corresponding to a point
on the leading edge. We refer to this step as subwaveform
threshold (ST) retracking. For waveforms with double peaks,
a modified retracking method is adopted in which two CSWs,
each containing a peak, are extracted. The leading edge
from the first CSW is used to calculate the range correction
and, hence, derive the lake level. Processing of the CSW
using the OCOG/Threshold retracker is called the modified
subwaveform threshold (MST) retracker to distinguish it from
the ST retracker.

1) ST Retracking: Theory: This section builds on [32] and
presents details of SW retracking applicable to waveforms col-
lected in ice-covered lakes. In this approach, a four-parameter
standard waveform is based on the Brown model

P(t) = 0.5A
[
erf

(
(t − τ )/

(√
2σ

))
+ 1

]

×
{

1, t < τ

exp(−(t − τ )/α), t ≥ τ
(1)

where P(t) is the power at the gate corresponding to time
t , A is the amplitude, erf is the error function, τ is the
center of the leading edge, σ is the slope of the leading
edge, and α is a decay parameter. The standard leading edge
with 22 samples is calculated from the Brown model shown
in Fig. 4(a), using a priori values of four parameters [30]. The
sample size of 22 is adequate to capture the leading edge and
is equivalent to over 10 m in height using the conversion factor
0.46875 m/gate [30]. This standard waveform is subsequently
used to obtain the actual leading edge of the waveform, Gf,
to end gate Ge in Fig. 4(b). The search for the leading edge is
facilitated by taking consecutive 22 gate waveforms starting
with gates 1–22, with the last subset from gates N − 21 to
N , forming a total of N − 21 subsets. N is 64 for T/P and

Fig. 4. (a) Standard leading edge from the Brown model. (b) SW retracking
gates (red curve) and smoothed waveform (blue). (c) Correlation coefficient
time series. (d) Modified SW retracking.

104 for Jason. The correlation coefficient between the standard
leading edge in Fig. 4(a) and each subset forms a series
of N − 21 values. The correlation coefficient series between
Fig. 4(a) and (b) is plotted in Fig. 4(c). The SW identified for
retracking has a starting gate at the maximum (Gf) correlation
in Fig. 4(c) with gates Gf–Ge encompassing the leading edge
[32]. The OCOG/Threshold retracker provides the time, t1, or,
equivalently, the gate of the retracked point GR. Typically, this
yields a single retracked point on the leading edge.

The retracked point GR(t1) is used to obtain the height
correction

Cr = 0.46875(GR − GT) (2)

where GT is the default leading-edge gate, and as stated
previously, the factor 0.46875 converts gate to distance (m).
For the T/P family of altimetric missions, GT = 32.

2) Altimetric Lake Level: Theory: As shown in Fig. 2,
the orthometric lake level, L, is the difference between the
satellite height and the corrected range

L = H − R − Geoid − C (3)

where H is the satellite altitude above the reference ellipsoid,
R is the raw altimetric range, Geoid is the geoid height, and
C denotes the total correction

C = Cload + Csolid + Cpole + Cion

+ Cdry + Cwet + Cins + Cr. (4)

From left to right, the terms on the right-hand side in (4) are
corrections for load tide, solid earth tide, pole tide, ionospheric
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Fig. 5. Along-track GBL retracked lake levels: Jason-2 cycle 0 pass 073;
MLE3, MLE4, T0.1, and T0.2 offset by −1 m.

TABLE II

STATISTICS OF AVERAGE LAKE LEVELS BETWEEN RETRACKED JASON-
2 HEIGHTS AND IN SITU DATA: PASS 073, CYCLE 0 OVER GBL FOR

LONGITUDES BETWEEN 240.3 ◦E AND 241.8 ◦E

delay, dry and wet tropospheric delays, instrumental correc-
tions, including Doppler, the center of gravity, and so on, and
the waveform retracking range correction (2).

3) Altimetric Lake Level (ST Retrackers): As an example,
we apply the ST retracker with various threshold values to
extract along-track GBL lake levels between 238.9 ◦E and
241.8 ◦E for Jason-2 pass 073 of cycle 0 (July 4, 2008). The
satellite ground track is close to its maximum latitudinal extent
with the satellite moving from west to east. Jason-2 SGDR
data provide along-track retracked lake levels using the Ice,
MLE3, and MLE4 retrackers (see Fig. 5). The MLE3 and
MLE4 retrackers are noisy as the satellite transitions from land
to water, perhaps due to residual ice; July 4 is during the melt
season. To avoid this effect, Table II summarizes statistics of
retracked 20-Hz lake levels between 240.3 ◦E and 241.8 ◦E;
outliers exceeding three-sigma are removed.

As raw/retracked measurements are reduced to an
orthometric height, the averaged height from the retracked
20-Hz heights, as in ocean studies, can reduce the uncer-
tainty. The standard deviation (Std) of Table II represents
the noise in the 20-Hz data although geophysical signatures
(e.g., seiche effects) could contribute. Even with the restricted
longitudinal range, the ice retracker is more precise than
the oceanic MLE3 and MLE4 over inland waters. Threshold
and ST retrackers are of similar precision over open water,
for a given threshold value. Fig. 5 also shows the heights
from threshold retracker (T) with threshold values 0.1 and

Fig. 6. GBL lake level time series from Jason-2 pass 073. (a) Gauge, SGDR,
T, and ST retrackers; lake levels from MLE3, MLE4, and T0.1 shift down 1
m. (b) Gauge, ST, and MST retrackers; lake levels from ST retrackers offset
down 1 m.

0.2 and the ST retracker using threshold values of 0.1, 0.2,
0.3, and 0.5 with statistics in Table II. The analysis shows
the improvement of Stds with lower threshold values in T
and ST retrackers. Signatures in the western part of the
lake are, as noted previously, probably related to residual
ice. For example, the average retracked water level from
T0.1 is 157.14 and 157.51 m over 239.4 ◦E–239.7 ◦E and
240.0 ◦E–241.8 ◦E, respectively, with corresponding values
157.15 and 157.35 m for ST0.1. The average ST0.1 lake
levels over 240.0 ◦E–241.0 ◦E and 241.0 ◦E–241.8 ◦E (after
removing outliers) are 157.33 and 157.37 m. Fig. 5 also
shows the differences in offsets among the retrackers. Such
differences are systematic as the retracked gate moves with the
retracker. For example, the T and ST retracked points move
to lower gate numbers with a decrease in threshold value as
the retracked point moves down the leading edge.

Differences between the mean values of retracked heights
from Pass 073 in the GBL and in situ gauge are plotted
in Fig. 6. Fig. 6(a) shows the results after removing the offset,
with statistics in Table III. Again, the ice retracker outperforms
MLE3 and MLE4. For the ST retrackers, a threshold value
of 0.1 shows the best fit to the in situ data. However, as shown
in Fig. 6, altimetric heights during the ice-covered seasons
(September–July) are suboptimal with lower values than the
gauge data.

C. MST Retracking: Theory

With reference to Fig. 4(a), the ST retracker identifies the
SW from Gf to Ge. As observed in Fig. 4, the extracted
SWs are two-peaked during ice-covered seasons, with lake
levels from ST lower than gauge data as the retracked heights
are biased by the second and higher waveform peak. MST
retracking seeks to extract heights from the first component of
the two-peak SW for comparison against gauge data. Fig. 4(b)
shows the two SW components from Gf to G3 and G3 to
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TABLE III

STATISTICS OF LAKE LEVEL DIFFERENCES BETWEEN RETRACKED JASON-
2 PASS 073 AND IN SITU DATA OVER GBL

Ge where G3 is the local minimum between peaks G1 and
G2. To extract the first CSW, a modified approach is used.
First, the SW is extracted as previously using correlations
across a 22 gate span. The SW is subsequently smoothed
to reduce speckle error and accentuate the local maxima and
minima, as shown in Fig. 4(b). Here, we use a moving average
of three gate values. Two local maxima are observed in the
smoothed SW, corresponding to gates G1 and G2, with gate
G3 corresponding to the local minimum between G1 and
G2. Fig. 3 shows smoothed SWs in blue, with the second
and dominant peak, G2, clear in each two-peak waveform.
The lower peak, G1, is less distinct with the minimum, G3,
identified through the waveform slope negative between G3−1
and G3 and positive between G3 and G3 + 1. Finally, the first
CSW from Gf to G3 [see Fig. 4(b) and (d)] is retracked from
the actual waveform with the chosen threshold value and point
t2 calculated.

The MST retracker with the various threshold values has
been applied to pass 073 across GBL, pass 045 across GSL,
and pass 245 across ATL. Fig. 6(b) shows the GBL lake
level time series from the gauge and the T, ST, and MST
approaches. In contrast to the T and ST heights, the results
with MST are closer to the in situ data over ice-covered
seasons. Table III summarizes the results. All MST retrackers
exhibit enhanced agreement with a threshold value of 0.1,
yielding an Std of 0.06 m to the gauge data. Analogous
results for passes across GSL and ATL are given in Figs.
S4 and S5 and Tables S1 and S2 in the Supplement Material.
Altimetric heights across all lakes demonstrate that the MST
yields closer agreement to the gauge heights than T, ST, and
SGDR retrackers with a capability to track the in situ pressure
gauge data in ice cover seasons.

IV. VALIDATION OF REFLECTION SURFACE

CORRESPONDING TO FIRST CSW

A. Theoretical Considerations

As shown in Fig. 2, the gauge height is recovered from
the weight of the equivalent water column above the pressure
sensor, namely, a combination of water, ice, and snow load.
As the previous section established good agreement between
in situ and altimetric heights during ice cover, the first CSW

reflection surface could correspond closely to the air/snow,
snow/ice, or ice/water interface. Validation of this reflection
surface is undertaken to utilize snow depth and ice thickness
data available during the winter seasons.

For a pressure gauge, the equivalent water height (level) is

hg = hw + hiρi/ρw + hsρs/ρw (5)

where ρw, ρi, and ρs are the densities of water, ice, and snow,
respectively, and hg, hw, hi, and hs the gauge height, water
height, ice thickness, and snow depth. Taking ρw, ρi, and ρs

as 1000, 920, and 200 kg · m−3, respectively, hg becomes

hg = hw + 0.92hi + 0.20hs. (6)

Previous studies [21] and [33] established that radar penetrates
dry snow but is reflected from wet snow. For the air/snow
interface, the theoretical altimetric height hw + hi + hs is
the sum of snow, ice, and water, and hence, the theoretical
lake level difference between the altimetric height and gauge
height, hg, is

LDa = 0.08hi + 0.80hs. (7)

For reflection from the snow/ice interface, the theoretical
altimetric height is hw + hi, and

LDs = 0.08hi − 0.20hs (8)

while, for the ice/water interface, the theoretical altimetric
height is hw, and

LDi = −0.92hi − 0.20hs. (9)

Equations (7)–(9) formulize the dependence of the pressure
gauge and altimetric height differences on ice and snow
cover. The gauge height is less than the altimetric height
for an air/snow reflection surface and greater than for the
ice/water interface (see Fig. 2), assuming a constant velocity
of the radar through the mediums. This assumption is correct
for the air/snow interface, but, for the snow/ice interface,
the orthometric height correction due to change of velocity
through snow is

LDsv = −hs(1/ns − 1) = 0.113hs (10)

on using ns = 1.1271 [34] as the Ku-band refractive index of
snow. Similarly, for reflection from the snow/ice interface, the
orthometric height correction due to the radar velocity change
in ice and snow is

LDiv = −hs(1/ns − 1) − hi(1/ni − 1) = 0.113hs + 0.440hi

(11)

where ni = 1.7861 [35] is the Ku-band refractive index of ice.
Weekly GSL snow depth and ice thickness data from

2002 to 2017 are available from Yellowknife (see Fig. 7).
The summary statistics in Table IV show maximum ice thick-
ness and snow depth of 1.46 and 0.46 m, with an average
of 0.81 and 0.19 m, respectively. Using the weekly data,
theoretical lake level differences between altimetry and gauge
derived from (7)–(11) are plotted as Fig. 8(a) with statistics
summarized in Table V. If the surface is air/snow, altimetric
results are larger than the in situ heights, ranging from 0.01 to
0.44 m, with an average 0.20 m. However, altimetric results
are about −1.15 m lower than the situ data for the ice/water
interface, ranging between −2.03 and −0.28 m. For snow/ice,
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Fig. 7. GSL ice thickness and snow depth.

TABLE IV

YELLOWKNIFE SNOW DEPTH AND ICE THICKNESS:
SUMMARY STATISTICS (cm)

TABLE V

ICE SEASON GSL THEORETICAL LAKE LEVEL DIFFERENCES BETWEEN

ALTIMETRIC REFLECTION SURFACES AND PRESSURE GAUGE.
(ALT-GAUGE)ice VALUES ARE MST0.1 DIFFERENCES TO GAUGE

DURING ICE SEASON (NOVEMBER–MAY)

the difference depends on snow depth and ice thickness, vary-
ing between −0.07 and 0.11 m. The air–snow interface leads
to excessive altimetric heights, while the ice–water interface
results in low altimetric heights during the ice seasons. Table V
also shows that correction for the ice-snow reflection surface
has a minimal impact with Std 0.03 m.

B. Reflection Surface: Validation

Differences between altimetric and gauge measurements at
the weekly ice season epochs from November to May are
given in Table V. These values show that correction for
the theoretical air/snow or ice/water interfaces will have a
positive or negative impact, and only the snow/ice correction
can be positive or neutral. This inference is further investigated
by subtracting the theoretical GSL lake level differences [see
Fig. 8(a)] from altimetric MST0.1 altimetric heights. The
modified lake levels are compared with the pressure gauge data
in Fig. 8. Results, with/without corrections for the air/snow,
snow/ice and ice/water reflection surfaces, are summarized
in Table VI. In Fig. 8(b) and Table VI, the gauge data
are interpolated to the altimetric epochs, including a zero
correction during June–October when the ice thickness is not
recorded. During these months, the lake will be open water or
covered by thin ice. Table VI reveals that the correction for

Fig. 8. (a) Observed MST0.1 GSL ice season variation and theoretical
lake level differences between altimetric and pressure gauge data for various
reflection surfaces. (b) GSL pressure gauge heights and corrected MST0.1 lake
level time series with respect to different reflection surfaces.

TABLE VI

COMPARISONS OF ALTIMETRIC AND IN SITU DATA WITH/WITHOUT
CORRECTIONS FOR AIR/SNOW, SNOW/ICE, AND ICE/WATER

REFLECTION SURFACES

snow/ice reflection surface enhances the uncorrected heights
to provide the lowest Std, but that correction for the snow/ice
surface has only a marginal effect. However, the positive
impact of the snow/ice interface correction confirms that the
retracked lake levels from the first CSW should correspond
closely to the snow/ice surface as seen with CryoSat-2 [21].

V. LAKE LEVELS: MULTIMISSION RESULTS

The previous section establishes that uncorrected lake levels
from MST0.1 during open water and ice cover are very close
to the equivalent water height. Correction to the pressure gauge
for the snow/ice interface in (8) requires in situ snow depth
and ice thickness data. In addition, the modified velocity of
the radar pulse through snow also requires snow depth. Using
a 0.20-m snow depth and 0.80-m ice thickness (see Table IV),
the snow correction equates to −0.016 m in (8) and almost
cancels with the +0.023 m in (10). The ice correction
from the same snow depth and ice thickness is −0.78 m
in (9) and 0.37 m in (11). Snow depth is a more readily
available parameter, but the ice thickness measurements are
not routinely available for GBL and ATL. Accordingly, our
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TABLE VII

STATISTICS OF LAKE LEVEL DIFFERENCES BETWEEN ALTIMETRIC
(MST0.1) AND IN SITU DATA OVER ATL, GSL, AND GBL FOR T/P

FAMILY MISSIONS

approach is to ignore the snow/ice interface correction and
to utilize the MST0.1 heights as a close approximation to
the equivalent water height across GBL and ATL in the ice
seasons. Table VI show that such an approach is acceptable
for GSL. This approach is used to derive lake level time series
for GBL, GSL, and ATL and enables the methodology to be
generalized to other ice-covered lakes where ice thickness data
is unavailable or uncertain.

Applying the MST retracker with the 0.1 threshold value,
we derive lake level time series for ATL, GSL, and GBL
from T/P and Jason-1/2/3. Based on the comparisons between
altimetry and gauge, we derive the offset between in situ
and altimetry for the three lakes. The results are shown
in Table VII. Large offsets are observed. Each altimetric
mission has a so-called altimeter bias due to an electronic
delay, while the differences between the gauge datum and the
SGDR geoid may introduce further uncertainty. It is noted that,
using GSL as an example, there is minimal offset for Jason-1.
However, the altimetric lake level is 2.00 and 0.47 m higher
than the gauge value for T/P and Jason-2. Normalizing for the
offsets, lake level time series of ATL, GSL, and GBL from T/P
and Jason-1/2/3 are plotted in Fig. 9. There are no obvious dif-
ferences between altimetry and gauge data over both ice-free
and ice-covered seasons, indicating the consistency between
the gauge and altimetric lake level. Table VII summarizes the
statistics between altimetric and gauge lake levels of Fig. 9.
There are larger differences between T/P and the gauge data
compared with the Jason missions, indicating an improvement
in altimetry with time. Agreement between T/P for 1996–98
and Jason-2 for 2016 is noticeably worse over GBL. Overall,
the Std of the Jason series is 0.08, 0.06, and 0.06 m for ATL,
GSL, and GBL, respectively, increasing to 0.12, 0.09, and
0.08 m after adding T/P. The poorer performance of T/P is
also seen over individual lakes, for example, the Std of the
differences in ATL is 0.17 m for T/P but reduces to 0.07,
0.08, and 0.09 m with Jason-1/2/3. Moreover, GSL and GBL
reveal better agreements than ATL for all missions, implying

Fig. 9. Lake level time series from T/P family and gauge. (a) ATL. (b) GSL.
(c) GBL.

the size of the lake or the distance to the shore affects the
accuracy.

VI. CONCLUSION

This study considers the temporal variation of water levels
for the three largest lakes in the Mackenzie River Basin.
The changes in the T/P family of waveforms throughout the
year are associated with the nature of the reflecting surface
(water–ice, water, ice, and snow–ice). The SW retracker with
threshold 0.1 has proved to derive lake levels of marginally
better accuracy than the SGDR retrackers. However, these
retrackers derive lower lake levels than gauged heights during
ice-covered seasons. Two-peak waveforms are observed in
the ice-covered lakes for all T/P family altimetric missions.
An MST retracker resolves the height discrepancy, where the
first CSW is retracked to derive the lake level.

GSL snow depth and ice thickness are used to calculate the
theoretical lake level differences between altimetric and in situ
data for different reflection surfaces relative to the equivalent
water height of a pressure gauge. Calculations show that the
corrected altimetric height is larger than the gauge values for
the air/snow interface and smaller for the ice/water interface.
Corrections for the snow/ice interface have lower Std than
the uncorrected differences. Applying these corrections shows
that the snow/ice interface correction marginally improves the
overall results. However, the improvement is sufficiently small
to permit the uncorrected altimetric heights to be utilized for
lakes without in situ ice thickness data. It is crucial that the
results establish that the altimetric reflection surface of the first
CSW is close to the snow–ice boundary.

The lake level time series using MST0.1 is close to the
in situ measurements over GBL, GSL, and ATL during all
seasons. The Std of lake level differences between the Jason
series and the in situ data is 0.08, 0.06, and 0.06 m for ATL,
GSL, and GBL, increasing to 0.12, 0.09, and 0.08 m after
adding T/P altimetric results.
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The proposed retracking algorithm improves the accuracy of
altimetry heights and opens up the possibility of determining
global lake water levels from archived satellite altimetry data,
including T/P and Jason, the ERS and ENVISAT missions,
CryoSat-2, and Sentinel-3. Retracking of the second SW
facilitates the determination of lake ice thickness, which is
the subject of a future study.
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