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Abstract

A-CHAIM is a data assimilation model of the high lat-
itude ionosphere, incorporating measurements from mul-
tiple kinds of instruments, including slant Total Electron
Content measurements from ground-based Global Navi-
gation Satellite System (GNSS) receivers. These mea-
surements have receiver-specific instrumental biases which
must be resolved to produce an absolute measurement,
which are resolved along with the ionospheric state using
Rao-Blackwellised particle filtering. These instrumental bi-
ases are compared to published values and estimation tech-
niques, which show small but consistent systematic differ-
ences. The potential cause of these systematic biases is in-
vestigated. It is shown that if A-CHAIMs biases agreed
with other estimation techniques, the result would be a
overestimation of NmF2 ranging from < 10% during the
day to over 20% at night, or a > 30% overestimation of
topside electron density at 800km altitude.

1 Introduction

A-CHAIM is a near-real-time data assimilation model of
high latitude ionospheric electron density [1]. It uses a
particle filter technique to assimilate data from ground-
based Global Navigation Satellite System (GNSS) re-
ceivers, ionosondes, and satellite-borne altimeters on the
JASON-3 and SENTINEL satellites. GNSS receivers are
the most widely distributed and numerous, providing slant
Total Electron Content (STEC) measurements along line-
of-sight from the satellite to the receiver, usually expressed
in TEC Units 1 x 10'%»~3 (TECU). Using a geometry-free
combination of the phase and code observables recorded
on each GNSS carrier frequency, the TEC can be related
to the observables by (1), where A = 40.3, f,, is the m'h
frequency, A¢ is the difference in the signal carrier phases,
DCB,., and DCBy,; are the receiver and satellite differen-
tial code biases caused by instrumental delays, and W is a
phase-levelling term used to correct an integer ambiguity in
the phase-derived TEC using the code observables [2].

fif3
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STEC = l(

3 ) (86 +W +DCB, + DCByy) (1)

To be able to obtain an absolute measurement of sTEC
these DCBs must be determined. The International GNSS

Table 1. Vertical TEC products used to test A-CHAIMs
DCB determination. All files were obtained from CDDIS in
the IONEX format, except for the Madrigal vTEC maps *,
which were obtained from the CEDAR Madrigal database.

ID  Analysis Center

cod  Center for Orbit Determination in Europe (CODE)
cas  Chinese Academy of Sciences (CAS)
esa  European Space Agency (ESA/ESOC)
emr Natural Resources Canada (NRCan)
igs  International GNSS Service (IGS)
jpl  Jet Propulsion Laboratory (JPL)
upc  Universitat Politecnica de Catalunya (UPC)
* Madrigal vTEC Haystack Observatory

Service (IGS) Analysis Centers produce Global Iono-
spheric Maps (GIMs) of vertical Total Electron Content
(VTEC), distributed in the IONosphere Map EXchange for-
mat (IONEX) [3, 4]. Those used in this analysis are sum-
marized in Table 1. The observed sTEC can be converted to
vTEC, and compared to the reference map to estimate the
DCB. Usually this involves using a thin-shell approxima-
tion (??), where the ionospheric electron density is assumed
to exist entirely in a spherical shell with altitude A,;;. The
mapping function (2) from sTEC to vTEC is dependent on
the elevation of the GNSS satellite e.

R 2
VTEC = sTEC - |1 — (ﬂ) )
Re + hshell

Other groups produce VTEC maps, notably the Madrigal
vTEC maps from the Haystack Observatory at MIT [5].
These maps use data from many thousands of receivers, and
use a sophisticated bias estimation technique [6]. The same
thin-shell bias estimation technique used for the IONEX
VvTEC maps can also be used with the Madrigal vTEC maps.
It would be possible to use any of these techniques to fix
the receiver DCBs for A-CHAIM, but relying on an exter-
nal model for such a critical component of the assimilation
has several undesirable consequences. If there were a sys-
tematic error in the receiver DCBs, then the residual error
would need to be absorbed by the ionospheric model itself.
This is why it is preferable to solve for the ionospheric state
and the receiver DCBs simultaneously.
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2 Method

A-CHAIM is vertically parameterized as a semi-Epstein
layer, whose shape is controlled by a set of harmonic ex-
pansions of several key ionospheric parameters [1]. These
parameters include the peak density of the F2 layer, NmF?2,
the altitude of the F2 peak hmF?2, as well as thickness pa-
rameters Hry,, and Hp,, which control the shape of the top-
side and bottomside ionosphere. The electron density at any
point ¥ is therefore a nonlinear function N,(x,F) of these
harmonic coefficients x;, which can be described as a vector
in a state space X;. By including the DCBs as parameters
to be determined, we add a new set of numbers x; 1., € X
to the state. Our new state space is the product of these two
sets of parameters (3).

x = (X;,%p) € Xy x Xp 3)

A-CHAIM uses a particle filter to perform data assimilation
[1]. A particle filter is a Monte Carlo technique with uses a
ensemble of sample points, or particles, X’ € X with associ-
ated statistical weights W' to approximate a distribution (5)
on X [7]. The performance of a particle filter is directly de-
pendent on the number of particles in the ensemble. As the
number of dimensions of the state space X increases, the
number of particles required to sample the space appropri-
ately increases dramatically [1, 8]. An efficient solution to
this problem is Rao-Blackwellised particle filtering, which
enables us to solve for the receiver biases analytically [7].

P(Xs,1:05 X, 1:0) (Y 1:0 X5, 1:0, X 1:0)
p(Yl:n)

= p(xs,lzn‘y1:n)p(xb,l:n|y1:n7 Xs,l:n)

“4)

P(X‘y,lznaxb,lznb’l:n) =

ﬁ(xstl:n>xb,l:n|y1:n) =

=

W,i(Slen (Xs,l:nvxb,lzn) ®)

i=1

The particles X' are sampled from an importance distribu-
tion g(X1:4|y1.n). With the forecast model f(x,|X,—1), the
probability of transitioning from a state X, to a state X,,
and the likelihood function p(yi.,|X1.,) allows us to con-
stantly update the weights of our particles w’ with (7).

i i P(Xé,l)P(YI\Xi,l)P(XZ,HYMXiJ)
wi (X)) = ; (6)
q(X‘y_yl)

i L (Xi,k‘xikq)P(Yk|X§,k)P(X§,7k|Yk,Xi,k)

wi(X0,,) =wi (X)) )¢
(X1 1A kl;lz ar (X5, X5 4 1)

)

In A-CHAIM we assume the DCB behaves as a Gaussian
random walk with an average step size v/Q, = 0.05 TECU

over a 5 minute assimilation step. While the integrals
though the modelled ionosphere to calculate sSTEC are non-
linear with respect to the ionospheric state Xx;, they are lin-
ear with respect to the DCBs. Determining p(X;,_kl)'k, X; k)
for a fixed X! is therefore a simple linear Gaussian prob-
lem, which can be solved with a Kalman filter. Our pre-
dicted bias X;, , and bias covariance P, are as follows, where
Qp» is a diagonal process noise covariance chosen to keep
P,, > (0.05 TECU)2.

Xz,n = X;-J,nfl ) Piz = Pfq—l + Qb,n (8)

The DCBs are simply added to the observations, so the
measurement matrix Hj, has a similarly simple form.

a3 rev(y,li]) = rev(xaplJ])
H,[i.j1= 0, otherwise ©)
The Kalman gain K can therefore be evaluated with the
observation error covariance R;,. This allows the calcula-
tion of the optimal estimator X}, , and posterior covariance
P
K, = P,H] (R, + H,P,H])"! (10)
P, = (I-K,H,)P, (1)

Xz,n = Xz,n + Kiz (yn - %(Xi,n) - HﬂXZ,n) (12)

If all Pf) are initialized with the same values for each parti-
cle, neither the Kalman gain K, nor any of its constituent
matrices have any dependence on y, or X,,. As a result,
Ki and P! will always be identical for every particle. As
we have access to the optimal estimator X - it would
be inefficient to use any other choice of DCB. By setting
X;}n = )A(;)n p(X;)_’n|y1;n, X{ ) identical for all particles.

We are only interested in the normalized weights W', we
can therefore simplify (7) to (14). By using the Rao-
Blackwellised particle filter, choosing Py to be identical for
every particle, and taking the optimal estimator X o Weare
able to factor the DCBs out of the problem entirely.

o X! Xi
o]y = PP 13

D N i i T f(Xi,k|Xi,k71)P(Yk|X§,k)
Wn( 1:n) _WI(XI)H i i
k=2 (XX 1)

(14)

3 Results

A test environment was prepared to perform offline runs of
the A-CHAIM system, using data from August 20th, 2022
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Figure 1. A-CHAIM and NPSM electron density at 60°E.
The edges of the A-CHAIM domain are indicated with a
dotted black line. The solid white line shows the possible
positions of a GPS satellite. The dashed line (A) shows
the line-of-sight at the extreme southern boundary of A-
CHAIM. (B) at 0° elevation from the geographic North
pole.

Table 2. A summary of the different test runs of the A-
CHAIM system. All runs used the full complement of in-
struments.

Run Plasmasphere vTEC
ACHAIM (NPSM) Y N
ACHAIM (no NPSM) N N
ACHAIM + vTEC Y Y
ACHAIM + vTEC (HTop) Y Y

though October 10th, 2022. All of the GNSS and altime-
ter data used in the tests were those collected in near-real-
time by the online assimilation system. In total four sepa-
rate runs of A-CHAIM were conducted, to attempt to iso-
late the effect of different model assumptions on the DCBs.
The estimated DCBs from each of these runs were saved
for every hour of data. The details of these runs are sum-
marized in Table 2. The overall differences in DCBs across
all stations are summarized in Figure 2, referenced to the
A-CHAIM (NPSM) test run.

To attempt to quantify the impact of plasmaspheric plasma
on bias estimation, as in Figure 1, two runs were conducted
with the usual datasets available to A-CHAIM. One test run
included a plasmaspheric correction using the Neustrelitz
plasmasphere model (NPSM) [9], and the other assumed no
plasmaspheric density. These runs are A-CHAIM (NPSM)
and A-CHAIM (no NPSM). As seen in Figure 2, the change
in DCBs with and without the NPSM was small, with a
median difference of less than 0.5 TECU across all stations.

Two more test runs were conducted by assimilating Madri-
gal vTEC maps by integrating the electron density from the

Estimated GPS CLC/C2W DCBs compared to A-CHAIM DCBs for all Stations
August 20th to October 10th, 2022
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Figure 2. A comparison of DCB estimation techniques
during the August 20th through October 10th 2022 test
period. The outer limits at the 5 and 95" percentiles.
The CAS (SINEX) values were taken from the published
SINEX files, and so only includes 76/660 stations.

ground up to GPS satellite altitude at every grid point. Any
vTEC with an associated error greater than 5 TECU was
rejected as an outlier, and not assimilated. In A-CHAIM
+ vTEC, the VTEC was assimilated as any other data.
A-CHAIM + vTEC(HTop) was configured to preferentially
change the topside thickness to match Madrigal, when com-
pared to A-CHAIM + vTEC.

4 Discussion

Figure 3 allows us to compare the effects of Madrigal vTEC
assimilation on the model. In the first column we have the
model DCBs compared to those estimated by levelling to
the Madrigal vTEC maps. This can be compared with the
second column, which is the mean difference in modelled
VvTEC less Madrigal vTEC over the entire test period. It
is clear that in regions where A-CHAIM (NPSM) underes-
timates Madrigal vTEC, it overestimates DCBs. The two
lower rows, where VTEC was assimilated, show a much
more even VITEC map over Europe and America.

The third column shows the mean difference between the
model and ionosonde NmF2. While the A-CHAIM (NPSM)
and A-CHAIM + vTEC(HTop) runs show very similar re-
sults, the A-CHAIM + vTEC run almost universally overes-
timates NmF2. During the day at mid-latitudes this is an
error of single digit percentage. At nighttime, the error
in NmF2 is on the order of 20%. By forcing A-CHAIM +
vTEC to match the Madrigal vTEC, it was possible to bring
the DCBs into broad agreement, at the cost of overestimat-
ing NmF?2 significantly.
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Figure 3. Global comparisons of each of the A-CHAIM
test runs, averaged over the whole test period from August
20th through October 10th.

The final column shows the average bias between the
model, and in-situ measurements from the DMSP satel-
lites. At lower latitudes, the differences are significant. The
A-CHAIM + vTEC run shows a slight enhancement in elec-
tron density, and the A-CHAIM + vTEC(HTop) run shows
global overestimation on the order of 1 x 10'%,=3. This
is an overestimation of 35% when compared to average
in-situ measurements during the test period. A-CHAIM
assimilates ionosonde measurements of foF2, hmF2, foF1
and bottomside thickness, and so the overall shape of the
bottomside ionosphere is well constrained. The topside is
the most weakly observed region of the ionosphere in A-
CHAIM, and would be the most likely source of a system-
atic underestimation. When the topside is forced to match
Madrigal vTEC, while keeping the bottomside consistent
with ionosonde measurement, the resulting densities do not
match observations.

5 Conclusion

The Rao-Blackwellised particle filter technique used in A-
CHAIM is able to produce stable estimates of receiver
DCBs. The DCBs produced in this way show system-
atic biases relative to the DCBs estimated through other
means, ranging from 1.5 TECU to 7 TECU. A plasmas-
phere model was added to A-CHAIM, which reduced the
bias by 0.4 TECU. Two additional test runs of A-CHAIM
were conducted, where vTEC measurements from Madri-
gal were assimilated. Both of these runs produced vTEC
and DCBs in broad agreement with the Madrigal values.
One run placed no constraints on A-CHAIM, which re-
sulted in a global overestimation of NmF2 ranging from
< 10% during the day to over 20% at night. The second
run was configured to force A-CHAIM to match Madrigal
vTEC without affecting NmF2. This resulted in a signifi-

cant overestimation of topside electron density on the order
of 30%. These tests suggest that it is not currently pos-
sible for A-CHAIM to simultaneously produce DCBs in
agreement with other sources, while also reproducing elec-
tron densities in agreement with data. The electron density
produced by A-CHAIM is consistent with observations at
all altitudes up to 800 km, the altitude of the DMSP satel-
lites. It is unlikely that any further refinement of the topside
would produce a change greater than 1 TECU.
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