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1 Introduction

1.1  Purpose and Scope

This document serves as the Algorithm Theoretical Baseline Document (ATBD) for Glaciers
Today, Earthwave’s glacier monitoring and insight service (accessible via https://glaciers-
today.org/). Glaciers Today leverages data generated by ESA’s CryoTEMPO-EOLIS project
to deliver a comprehensive, regularly updated record of glacier elevation changes spanning the
duration of the CryoSat-2 mission.

The objective of this document is to provide a detailed specification of the algorithms employed
within the Glaciers Today processing system. It outlines the logical structure of the processing
workflows, presents mathematical formulations and descriptions of each algorithm, and
specifies the necessary input and output parameters. Additionally, the document highlights the
assumptions and limitations associated with each algorithm, and includes relevant citations to
justify methodological choices where applicable.
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2 Glaciers Today Processing Algorithms

2.1  Logical Flow
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Figure 1: Logical flow of the Glaciers Today timeseries processing chain.
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Figure 2: Logical flow of the Glaciers Today rate of change processing chain.

N

o ; THE UNIVERSITY
<CSa @ of EDINBURGH | oS

earthwave



EOLIS Today Calculate Volume
Change Chain.

Start

AMﬂff.!G!
Miner

| AUGMENT_WITH_REFERENCE_DEM

!

't

| CALCULATE_VOLUME_CHANGE |<—’{ HYPSOMETRIC_MODEL

v

/ AV(%)rey /

Stop

U

21

Figure 3: Logical flow of the Glaciers Today volume change processing chain.
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2.2 Algorithm Descriptions

In this section, we describe each of the algorithms that make up the processing chain.

2.2.1 AUGMENT WITH REFERENCE DEM - Purpose of algorithm

Statement of Function

Calculate a reference DEM from a gridded elevation product time series. Evaluate cumulative

elevation change between the gridded elevation product at each time step and the reference
DEM.

Limitations and Assumptions

The reference DEM, derived from the first N timesteps of elevation gridded data, is computed
using a basic mean calculation. No adjustments are made for outliers or missing data, meaning
any such anomalies will propagate through the subsequent timeseries analysis.

Algorithm Definition

The algorithm computes a reference DEM by averaging elevations from the first N timestamps
of an input elevation dataset for each pixel. Once the reference DEM is calculated, the elevation
change between the reference DEM and the input elevation dataset for each timestamp is
calculated.

Input Parameters

Elevation gridded dataset E; Metres Auxiliary data source
at regular time intervals.

Number of earliest unique n_times Integer Input, default is 6
timestamps to be used as

input to calculate the

reference DEM.

Output Parameters

Computed reference DEM elevations and elevation EAvcMENTED Metres
change between E; and the reference DEM for each pixel
coordinate.
7 of 21
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Mathematical Statement
E; is an elevation gridded data product at regular time intervals:

E¢ = [E¢,, Er,, Ee, o Ey ]
dates = [tg, t1, t5 ... ;]

A reference DEM (ERgr) is calculated by taking the mean elevation value per grid coordinate
(x, y) of the first six elevation gridded products (E; , E¢, ... E¢,).

5
1
Erer(x,y) = gz Eti(er)
i=0

A timeseries of the cumulative difference between the reference DEM and the elevations at
each step for each pixel is calculated:

AE = Et(x:y; t) - EREF(x’y)

The elevation differences, AE, along with the calculated reference DEM, Eggr(x,y), are thus
referred to as E yemenTED -

Implementation Notes

None.
References
None.
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2.2.2 CALCULATE TIMESERIES — Purpose of algorithm

Statement of Function

Create a cumulative time series of glacier elevation changes in a specified region. The resultant
timeseries is presented on the Glaciers Today website to provide insights into glacier changes
observed by CryoSat-2.

Limitations and Assumptions

The uncertainties of the time series represent the uncertainty on the mean value accounting for
spatial coverage, however, they do not account for the uncertainty of the input data itself.

The standard error is calculated on elevation differences relative to a reference DEM. As the
temporal distance from the reference increases, the dispersion of measurements grows due to
glacier elevation changes. This can produce a time-correlated increase in the estimated
uncertainty, reflecting the cumulative effect of glacier changes rather than the true
observational errors.

Algorithm Definition

1. Cumulative Time Series Calculation: The algorithm computes a cumulative time series
of elevation changes by averaging the supplied gridded elevation change products at each
timestep. The resultant time series is smoothed using an exponentially weighted averaging
technique.

2. Percentage Coverage: The percentage spatial coverage per timestep is evaluated as a
fraction of the total expected number of pixels in the region of interest.

3. Uncertainty Estimation: Uncertainties on the cumulative time series are defined as the
standard error of the mean per timestamp, scaled by spatial coverage.

4. Non-Cumulative Time Series Handling: If the specified time series type is non-
cumulative, the cumulative time series of elevation changes is differenced between
subsequent timesteps to obtain non-cumulative values and the cumulative time series
uncertainties are propagated from the contributing timesteps.

Input Parameters

Elevation gridded products E,ycyenteD Metres Chain
for regular time intervals,

augmented with a reference

DEM as described in section

2.2.1.
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The total number of Cyiqcier Integer Auxiliary data source
glaciated pixels over the

area of interest covered by

EavemenTED-

Type of time series to timeseries type  String Input

calculate: cumulative or

non-cumulative.

The half-life used for A Days Input, default is 30
smoothing the time series. It

represents the time (in

days) over which the

exponentially weighted

average assigns decreasing

weights to older
observations.

Output Parameters

Elevation change, associated uncertainties, and percentage time series_data
glacial coverage time series.

Mathematical Statement

Time Series Calculation

EjuvemenTEp contains cumulative elevation difference measurements per pixel over time.
Firstly, these elevation difference measurements are grouped per timestep and a time series is
calculated via simple averaging such that the cumulative elevation change at timestamp ¢; is:

N
1
y(t;) = NZ EAUGMENTEDj(ti)
J

The cumulative timeseries is smoothed using an exponentially weighted average. Weights are
defined as w; = (1 — a)' where alpha is the specific decay in terms of half-life (1):
a=1-— e—ln 2/A

here we by default define A to be equal to the temporal resolution of the timeseries - for
simplification A = 30 days. The weighted average of the timeseries is evaluated as:

y(t) = 0t) + y(ti-)A — @) y(t)( - a)) /1 + (1 - a)...+ (1 — @)Y

If timeseries_type is ‘cumulative’ then the timeseries is shifted to start at 0:

10 of 21

7

®
»
o

THE UNIVERSITY
- of EDINBURGH | ¥

earthwave



y(t) = y(t) — y(to)

If timeseries_type is ‘non-cumulative’ then the timeseries is converted to derivatives:
Ay(t) = y(t:) — y(ti-1)

Percentage Coverage
The total count of non-NaN values for each timestep in E y¢penvrep 18 calculated as:

n
Ce, = Z Ifinite (EAUGMENTEDj(ti))
j=1

Ifinite (EAUGMENTED -(ti)) = {11 4 EAUGMENTEDj (k) ts finite
J 0, otherwise
Where:
o (, is the count of finite values in the i-th timestep
e nis the total number of grid points

. EAUGMENTEDj(ti) represents the j-th element of the E,ysmenTep at time t;

Percentage glacier coverage per timestep of E4yeyentep 18 defined as:

C.,
P, = L) %100 [%]

Cglacier

This implicitly assumes that the processing mask used to produce E4y¢yentep does not contain
any non-glaciated regions, where glaciated regions are defined as per the above source.

Time Series Uncertainties

Uncertainties on the timeseries are defined as the standard error on the mean per timestamp,
corrected for spatial autocorrelation using an effective sample size, and scaled by spatial
coverage. Implicitly, then, the algorithm describes the uncertainty in the elevation change of
the full glaciated region, not the portion of the region covered by the gridded elevation dataset:

ot = 20D <100)°'5
e JNesr(t) \ Py

Ce,r?
Nesr(t;) = 12

Where r is the resolution, and L is the correlation length scale.

Uncertainties on the cumulative timeseries are defined as:
Uy(ti) = (Gy(ti)z + Uy(to)z —2p- Uy(ti) ) O-y(to))()'5

Where p is the temporal correlation coefficient between the two timesteps t; and t,. For the
CryoTEMPO-EOLIS gridded products, given their 3-month temporal overlapping windows,
this coefficient is assumed to decrease linearly from 1 to 0 as the time difference increases to
3 months. For time differences greater than 3 months p = 0.
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Uncertainties on the derivative timeseries are defined as:
UAy(ti) = (O'y(ti)z + Jy(ti—l)z —2-p- Gy(ti) ) O-y(ti—l))O'S

where p = 2/3 as the measurements are one month apart with a two-month observational
overlap.

Implementation Notes

Auxiliary data is retrieved from Specklia.

References

Jakob, L., & Gourmelen, N. (2023). Glacier mass loss between 2010 and 2020 dominated by
atmospheric forcing. Geophysical Research Letters, 50, €2023GL102954.
https://doi.org/10.1029/2023GL102954
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https://doi.org/10.1029/2023GL102954

2.23 CALCULATE DHDT FROM GRIDDED DATA — Purpose of
algorithm

Statement of Function

Calculate the rate of elevation change from gridded elevation measurements over time for
plotting on the Glaciers Today website and estimating glacier volume change over time.

Limitations and Assumptions
All years are assumed to have 365.25 days.
Algorithm Definition

The algorithm generates a rate of elevation change dataset by applying a huber regression to
elevations at each grid coordinate through time over a specified timespan.

Input Parameters

Elevation gridded dataset E; Metres Auxiliary data source
at regular time intervals.

Timespan over which to timespan_days Integer Input
calculate the rate of

elevation change. Rate of

change will be calculated

from the maximum

timestamp in

EpontHLy (tmax) tO tmax -

timespan_days.

The minimum timespan tmin_span Integer Input
covered by observations

for the regression to be

considered valid.

Output Parameters

Rate of surface elevation change per year per grid coordinate and Eanat
y-intercepts of regression.
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Mathematical Statement

First, E; is filtered to keep timestamps between t,,,,, the maximum timestamp in E;, and
tmin = tmax — timespan_days.

EriLrerep = {Ei € E¢ | tmin < € < tax}

Subsequently all elements of Eg;;rgrep are concatenated to create one table of gridded
elevation measurements through time, E. All elevation measurements for all timestamps for
each grid coordinate (E(x, y)) are extracted and a Huber regression is fit.

To improve numerical stability and model convergence the time coordinates are converted
from Unix epoch timestamps to fractional years:

t — tnin

trrac_years = 60 * 60 * 24 * 365.25

Here, the relationship between elevation and time is modelled as:

E(x,y, tfrac_years) ~ By * trrac years + Bo
where:
e [, =rate of elevation change over time
e [3, =-clevation at t,

Model fits of E (X, Y, trrac years) are skipped when the temporal range of the input
measurements is less than &, span-

A table is constructed containing all unique pixel coordinates in Eyonrhy and their fit slope
and y-intercept values f31, 5, respectively, denoted as E 5,4¢-

Implementation Notes

Auxiliary data is retrieved from Specklia.

References

None.
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2.24  HYPSOMETRIC MODEL — Purpose of algorithm

Statement of Function

Determine the best fitting model to describe the relationship between elevation and elevation
change. This model can be used to interpolate missing data to predict elevation change values
given an underlying reference elevation.

Limitations and Assumptions

It is assumed that the relationship between elevation and elevation change can be described
using a spline model.

Algorithm Definition

1. Input Data Preparation: A reference DEM elevation value is merged with an elevation
change gridded dataset to determine the corresponding elevation for each pixel.

2. Binning Process: Bins are defined based on the reference DEM. For each bin, the
average elevation change value from the gridded dataset is calculated using the associated
elevation values of the pixels. The number of observations per bin are used to determine
how heavily the bin should be weighted in the model fit.

3. Model Fitting: The central elevation, mean elevation change, and weights for each bin
are used to a spline model.

Input Parameters

Elevation gridded products  E ycuentep  Metres Chain
at regular time intervals,
augmented with a reference
DEM as described in section

2.2.1.
Full coverage external DEM,,, Metres Auxiliary data
reference DEM at the same source

or greater spatial resolution

as EqyementED-

Number of elevation bands Npins Integer Input, default=50
to use for the model fit.

The minimum number of Bmin_count Integer Input, default=20
points in a bin, used to

perform hypsometric

averaging for filling missing

150121
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data, for it to be input into
the model.

Output Parameters

Spline model, describing the relationship between elevation change s Z)
and elevation.

Mathematical Statement

A hypsometric model is built with elevation as the independent variable and elevation
difference, E ycmenTED, @S the dependent variable. The elevation bands are retrieved from a
full coverage external reference DEM (DEM,,;) at the same or greater spatial resolution than

EAUGMENTED'

The elevation bin interval and width are calculated as:

Bintervar = int((max(DEM) — min(DEM)) / Npins )
Bwiath = 2 * Binterva

The reference DEM elevation is retrieved for each elevation difference grid point (AE (x,y))
and the data binned into elevation bands of width B,,;4+, and interval By tervar:

B;={(x,y) € R? | DEMext,i S DEMy(x,y) < DEMext,Hl}
where DEM ¢ ; and DEM,,, ;1 are the lower and upper bands of the i-th elevation band.

For each band the mean elevation change AE, (AE),, and the mean elevation,
H(DEM ) p,, is calculated.

Bins are assigned a weight in the spline fit based on sample count:

o = 0.5, NBi < Bmin_count
t 1, NBi = Bmin_count

For input into the model u(DEM,,;)p, is scaled using z-score normalisation:

- U(DEMext)Bi - DEMext
l 0(DEMex:)

A univariate spline fpyps(2) is then fit to the binned data {z;, u(AE)g,}, using the weights
wj.
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Any missing grid points are assigned a AE by inputting the DEM,,;(x,y), scaled using the
same scale function used in the model fitting, into the spline model:

DEM,y;(x,y) — DEMgy;
AE(x;y) = fhyps( O'(DEMext)

Implementation Notes

Auxiliary data is retrieved from Specklia.

References

None.
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2.2.5 CALCULATE VOLUME CHANGE — Purpose of algorithm

Statement of Function

Calculate the total ice volume loss for a region for presentation on the Glaciers Today website.

Limitations and Assumptions

It is assumed that elevation changes in the region are correlated with altitude and that the
relationship can be represented using a spline model. The ice density is treated as a constant
value throughout the analysis.

Algorithm Definition

1. Calculate Elevation Change: Compute the elevation change across the entire elevation
gridded product timeseries supplied using the algorithm described in section 2.2.1.

2. Interpolation Using Linear Regression & Hypsometric Averaging: Fill pixels where
gridded elevation data is available for some timesteps but not others using linear regression
(see section 2.2.3) and then fill any remaining pixels that have no coverage at any timestep
using hypsometric averaging (see section 2.2.4).

3. Calculate Glacier Level Mass Change: Assign all pixels to one or more intersecting
glaciers. Calculate the mean elevation change per glacier and then convert to mass change
using glacier area and ice density.

4. Calculate Mass Change for Region: Sum mass changes for all glaciers within the region
of interest to determine the mass change for the full region.

5. Calculate Volume Change Percentage: Augment the mass change for the region with the

mass change between some reference date and the start date of the elevation gridded
dataset. Calculate the percentage change between the augmented mass change and the mass
of the region at that reference date.

Input Parameters

Elevation gridded products at  E,ycyenTED Metres Chain

regular time intervals,

augmented with a reference

DEM as described in section

2.2.1.

Glacier extent definition for glacier extent Auxiliary data source
region. Each geometry defines

an individual glacier.

This many gigatonnes will be AM,ffset Gigatonnes  Input

added to the mass loss
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calculated from

E vementep- This value
represents the mass change
between some reference date
and the start date of
Ejvementep and allows the
calculation of percentage
volume change since the
reference date.

The glacier mass at the M er Gigatonnes  Input

reference date for all glaciers in

the region.

Estimated density of ice. Dice kg/m? Input, default=850
Width of kernel, in pixels, for w Input, default=3

median filter. Width is equal

for both x and y dimensions.

Maximum residual value max_resid Metres/year Input, default=2.0
tolerated, values above this

will be flagged as outliers and

removed.

Output Parameters

Percentage ice volume change for the region since AV(%)rer Percentage
the reference date.

Mathematical Statement

The elevation change between the most recent timestep and the reference DEM is calculated:
AE = Eti — Erer

where Eggr 1s supplied in E yomentep and is calculated as described in Section 2.2.1. AE

provides an estimation of the elevation change over the full CryoSat-2 mission duration.

To fill data gaps (i.e. time-pixel combinations where data in E,yomenrep does not exist, but

where data does exist for that pixel in other timestamps) a least squares regression is fit to each
grid point over all timestamps (see section 2.2.3) and the AE value determined by:

AE = (By*t; + Bo) — (B1*trey + Bo)
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where ; and f3, are the slope and gradient parameters determined through the least squares
regression for a particular grid point, t; is the timestamp of the most recent observations and
tres 18 the mean timestamp of Eggp.

A median filter with a kernel of width W is applied to the AE raster, creating a median filtered
dataset filt(AE). Outliers in AE are identified by:

ti'tref
60 * 60 * 24 * 365.25

AE — filt(AE) = max_resid *

All pixels identified as an outlier are replaced with the median filtered value filt(AE).

Any additional missing grid points, defined as pixels in the E,ycmenrep coordinate reference
system that intersect glaciers as defined within glacier extent, but where there is no data in

E vemenTep fOr any timestamp, are filled using hypsometric averaging as outlined in Section
2.24.

Each pixel in AE is defined as a square polygon with x coordinate boundaries [x—res/2,
x+res/2] and y coordinate boundaries [y—res/2, y+res/2] where res is the spatial resolution of
E vemenTED- FOr €ach geometry in glacier extent, defining a single glacier extent, all pixels
in AE that intersect it are aggregated together to calculate the mean mass change over the full
time span of E ycyentep fOr that particular glacier:

1 N -12
AMy = Ay * Pice * - ZAEg’i * 10
i=1

where A, is the glacier area in units m?, AEj ; is the i-th elevation change measurement for a

particular glacier, p;. is the density estimate for ice, and 10712 is a conversion factor to
convert the mass change units from kilograms to gigatonnes.

The total mass change over the full time span of E,y¢yenrep for the full region is calculated
by:

G
AMCSZ = z AMg
g=1

The mass change is then presented as the percentage volume (equivalent to mass) change
since a chosen reference date:

AV (%)rer = <

A1VIoffset + AIWCSZ) + 100
Mref

Implementation Notes

The mass offset, AM, ¢ 5¢, and reference mass, M,.. ¢, are taken from the Glacier Mass Balance
Intercomparison Exercise (GlaMBIE).
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Auxiliary data is retrieved from Specklia.

References

GlaMBIE: https://doi.org/10.1038/s41586-024-08545-z7
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