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Abstract Upper-atmospheric weather prediction is subject to various types of forcing uncertainties. 
Understanding the sensitivity of the thermosphere and ionosphere to forcing uncertainties under different 
geomagnetic conditions is critical for space weather predictions. Ensemble simulations of a whole atmospheric 
model, the National Center for Atmospheric Research Whole Atmosphere Community Climate Model with 
thermosphere and ionosphere eXtension (WACCM-X), with various kinds of forcing perturbation is used 
to evaluate the upper atmosphere's response to the uncertainties of different forcings. Two kinds of forcing 
uncertainties are addressed: the lower atmospheric wave and tide forcing uncertainties and high-latitude 
electric potential uncertainty. These uncertainties are estimated in different ways and applied to generate 
forcing perturbations in the WACCM-X. WACCM-X can simulate the upper atmosphere's response to the 
uncertainties of the lower atmospheric wave and tide forcings related to different lower atmospheric conditions. 
High-latitude electric potential uncertainty is estimated based on the SuperMag and SuperDARN data through 
the Assimilative Mapping of Geospace Observations, which is applied to generate the forcing perturbation of 
high-latitude electric potential in the WACCM-X. The results show that the impact of high-latitude electric 
potential uncertainty is significant globally during the 2013 St. Patrick's Day storm. The lower atmospheric 
wave and tide forcing uncertainties result in a global impact on the upper atmosphere in the model. The 
sensitivity of the upper atmosphere to both uncertainties is approximately the combination of the two 
individually, though the combined effects are not a linear sum, indicating non-linearities in the ionosphere and 
thermosphere response to forcing uncertainties. 

Plain Language Summary The upper-atmospheric weather is driven by several forcing 
mechanisms. Since the forcing is difficult to quantify, there is uncertainty in the forcing that will lead to 
uncertainties in the thermosphere and ionosphere. Understanding the upper atmosphere's sensitivity to 
the forcing uncertainties is important. This study focuses on the uncertainties of energy input from the 
magnetosphere (represented by the high-latitude electric potential) and lower-atmospheric wave variability. 
A whole atmosphere model, the National Center for Atmospheric Research Whole Atmosphere Community 
Climate Model with thermosphere and ionosphere eXtension (WACCM-X), is used to evaluate the upper 
atmosphere's response to these two types of forcing uncertainties. The lower-atmospheric wave and tide 
forcings can be generated through atmospheric dynamics in the WACCM-X. The high-latitude electric potential 
can be estimated based on the SuperMag and SuperDARN data. A set of WACCM-X simulations is launched 
during the 2013 St. Patrick's Day storm, and forcings in each simulation are perturbed to represent the forcing 
uncertainties. By comparing different simulation results, the sensitivity of the upper atmosphere to the forcing 
uncertainties is evaluated. The results show that upper-atmospheric specification in the WACCM-X is sensitive 
to both types of forcing, and the ionosphere and thermosphere response to forcing uncertainties is non-linear. 
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1. Introduction 
The coupled system of the thermosphere and ionosphere is highly nonlinear and is sensitive to the geophysical 
systems below and above itself. A numerical model of the thermosphere and the ionosphere that can represent the 
interaction between different geophysical systems is critical for space weather prediction. In numerical models, 
this interaction between the geophysical systems is usually determined by specified forcing parameters. Due to 
the missing knowledge of the mechanisms of interaction between different geophysical systems and the lack of 
observation of these systems' boundary, numerical models of the thermosphere and ionosphere have significant 
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inadequacies. This is compounded by the fact that the estimation of the forcings themselves are also inaccurate. 
These two facts lead to the growth of forecast errors in thermosphere and ionosphere weather prediction. 

Therefore, it is important to understand the sensitivity of the thermospheric and ionospheric states to realistic 
spatiotemporal variability and uncertainty of both internal and external forcings. Based on the Monte-Carlo algo- 
rithm, ensemble simulations that quantify the flow-dependent uncertainty are a powerful method to address this 
issue. In an ensemble simulation experiment, a set of forcing perturbations or initial condition perturbations are 
generated based on a prior knowledge of the uncertainties in the system. This set of forcing perturbations and/or 
different initial condition perturbations are further applied to a series of numerical model ensembles in order to 
examine the sensitivity of model states to the forcings and/or initial conditions. 

Lee et al. (2012) examine the sensitivity of the model of the thermosphere and ionosphere, the National Center 
of Atmospheric Research (NCAR) Thermosphere-Ionosphere-Electrodynamics General Circulation Model 
(TIE-GCM) (Qian et al., 2014; Richmond et al., 1992), to the solar irradiance, high-latitude electric potential, 
auroral energy flux, and lower boundary conditions. In their study, forcings of a given TIE-GCM ensemble 
member are parameterized to constant values, and the perturbation added to different TIE-GCM ensemble 
members is sampled from a Gaussian distribution. Although their result provides a general idea of the sensitivity 
of the TIE-GCM to the forcings, they do not quantify the true uncertainty in the forcing or the thermosphere 
and ionosphere state. Pedatella et al. (2018) apply ensemble simulations to TIE-GCM to understand the role of 
high-latitude forcing uncertainties on the low-latitude and mid-latitude ionosphere during the April 2010 geomag- 
netic storm period. Both the uncertainties of the high-latitude electric potential and the auroral energy flux are 
considered. The background high-latitude electric potential and the auroral energy flux are given by an Assimi- 
lative Mapping of Ionospheric Electrodynamics (AMIE) procedure developed by Richmond and Kamide (1988), 
and both the perturbations of the high-latitude electric potential and the auroral energy flux are sampled from 
red noise. Their study provides the first insight into the response of the low- and mid-latitude ionosphere to the 
uncertainty of high-latitude energy input from the magnetosphere, yet how to estimate the forcing uncertainties 
has still not been addressed. Hsu et al. (2021) also perturb solar irradiance, high-latitude electric potential, the 
auroral energy flux, and lower boundary conditions in the TIE-GCM ensemble simulations. The lower boundary 
conditions help determine how the lower atmosphere interacts with the thermosphere and the ionosphere. Since 
the lower boundary of TIE-GCM is at about 98 km altitude, instead of generated from the lower atmosphere 
through the atmospheric dynamics, the background tides and waves are specified using the simulation results 
from the Thermosphere-Ionosphere-Mesosphere-Electrodynamics General Circulation Model (TIME-GCM) 
(Häusler et al., 2014) driven by Modern-Era Retrospective Analysis for Research and Application (MERRA, 
Rienecker et al., 2011) meteorological reanalysis fields. Moreover, the uncertainty of lower-atmospheric tide 
and wave forcings is determined by the 30-day variability of the TIME-GCM results, meaning that this method 
might not be practical when the weather conditions change. Pedatella and Liu (2018) perturb lower atmosphere 
in a whole atmospheric model, the NCAR's Whole Atmosphere Community Climate Model with thermosphere 
and ionosphere eXtension (WACCM-X, Liu et al., 2018) to investigate the extent to which neglecting the real- 
istic day-to-day lower atmospheric variability introduces uncertainty in the ionosphere response to an idealized 
geomagnetic storm. The lower atmospheric forcing uncertainty and variability are shown to be important for 
capturing smaller-scale features of the upper atmosphere response to geomagnetic storms. However, this study 
only focuses on a idealized storm condition with a Kp of 7 and F107 of 100 SFU for all 10 WACCM-X ensemble 
members. 

 
This study aims to evaluate the sensitivity of the thermospheric and ionospheric states to the realistic high-latitude 
electric potential forcing and lower atmospheric forcing under both geomagnetic quiet and storm conditions. To 
estimate the uncertainty of lower atmospheric tide and wave forcings, this study adopts the WACCM-X. The 
data assimilative procedure, Assimilative Mapping of Geospace Observations (AMGeO, AMGeO Collabora- 
tion, 2019) is applied to compute the uncertainty of high-latitude electric potential forcing. An ensemble simula- 
tion experiment with WACCM-X and AMGeO is performed to understand the sensitivity of the thermospheric 
and ionospheric states to these two kinds of forcings. Sections 2.1 and 2.2 describe the WACCM-X and AMGeO 
in detail, Section 2.3 describes how we design the ensemble simulation experiment, and Section 2.4 explains 
how we determine the uncertainty of high-latitude electric potential forcing and lower atmospheric tide and wave 
forcing. The result and conclusion are in Sections 3 and 4. 
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2. Method 
2.1. WACCM-X 

The numerical model used in this study is the WACCM-X. The WACCM-X is a general circulation numerical 
model of the whole atmosphere from the surface to pressure level 4.1 × 10−10 hPa (500–700 km altitude, depending 
on solar activity). The version we used in this study, WACCM-X version 2.0, is built upon the Whole Atmosphere 
Community Climate Model version 4 (WACCM4, Marsh et al., 2013), which itself is a vertical extension of the 
Community Atmosphere Model version 4 (CAM4, Neale et al., 2013). WACCM-X can self-consistently resolve 
lower atmospheric processes, enabling better representation of thermosphere and ionosphere weather. Compared 
with WACCM, the WACCM-X includes a self-consistent calculation of the low-latitude and mid-latitude electro- 
dynamics that accounts for the neutral wind dynamo. 

In the WACCM-X, the high-latitude electric potential imposed by magnetospheric processes is usually specified 
by a parameterized empirical ion convection model, Heelis (Heelis et al., 1982) or Weimer (Weimer, 2005), or 
by the data-driven model, for example, AMIE (Richmond, 1992). Meanwhile, the auroral particle precipitation is 
specified by an analytical auroral model (Emery et al., 2012; Qian et al., 2014). In the analytical auroral model, 
the average electron energy and total energy flux are computed based on the Kp index or solar wind and inter- 
planetary magnetic field (IMF) data, and can also be determined from the other empirical models, for example, 
Oval Variation, Assessment, Tracking, Intensity, and Online Nowcasting (OVATION) Prime (OVATION Prime, 
Newell et al., 2009, 2010). 

 

2.2. AMGeO 

AMGeO, developed by AMGeO Collaboration at the University of Colorado Boulder, is a software designed 
to streamline data pre-processing, quality control steps, and data assimilation analysis steps for mapping of 
high-latitude ionospheric electrodynamics. As described in AMGeO Collaboration (2019), line-of-sight ion drifts 
from the Super Dual Auroral Radar Network (SuperDARN, Chisham et al., 2007) and ground magnetometer data 
from the SuperMAG data (Gjerloev, 2009) are downloaded, pre-processed, and used for assimilative mapping of 
high-latitude electric potential in the AMGeO. 

After downloading and pre-processing the SuperDARN and SuperMAG data, the assimilation analysis steps are 
applied to estimate the high latitude electrodynamics variables. The assimilative mapping technique implemented 
in the AMGeO software modernizes and improves the AMIE (Richmond & Kamide, 1988). AMIE, proposed 
by Richmond and Kamide (1988), constructs the high-latitude electric potential pattern using spherical harmon- 
ics fitting. Matsuo et al. (2005) replace the spherical harmonic functions with Empirical Orthogonal Functions 
(EOFs). The SuperDARN Assimilative Mapping procedure developed by Cousins et al. (2013, 2015) applied 
this framework to SuperDARN and AMPERE data to estimate the high-latitude electrostatic potential and vector 
magnetic potential. The method that estimates the high-latitude electrostatic potential mapped from SuperDARN 
described in Cousins et al. (2013, 2015) is incorporated into the assimilation analysis steps in the AMGeO. More 
detail about the AMGeO can be found in Matsuo (2020) and references therein. 

Generally, in the AMGeO, the electric potential is estimated by an Optimal Interpolation (OI) method (Cousins 
et al., 2015; Matsuo et al., 2005). As described in Matsuo et al. (2005), the total electric field, E, includes two 
components: the mean electric field, 𝐄𝐄𝐄̄𝐄 , and the residual electric field, E′. The residual electric field can be 
described by a linear combination of a set of EOFs, EOF1, EOF2, …, EOFj, as 

𝐄𝐄𝐄𝐄′ = 𝛼𝛼𝛼𝛼1 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1 + 𝛼𝛼𝛼𝛼2 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸2 + ⋯ + 𝛼𝛼𝛼𝛼𝑗𝑗𝑗𝑗 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑗𝑗𝑗𝑗 (1) 

where α1, α2, …, αj are coefficients of EOFs. Details of how the EOFs are calculated by AMGeO can be found 
in Matsuo et al. (2005). According to Cousins et al. (2015), the OI cost function of the residual electric field is 

1 𝑇𝑇𝑇𝑇 
 
 −𝟏𝟏𝟏𝟏 1  𝐓𝐓𝐓𝐓 

𝐽𝐽𝐽𝐽 (𝜶𝜶𝜶𝜶) =  [𝐝𝐝𝐝𝐝 − 𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝜶𝜶𝜶𝜶] 𝐑𝐑𝐑𝐑 
2 

[𝐝𝐝𝐝𝐝 − 𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝜶𝜶𝜶𝜶] + 2 𝜶𝜶𝜶𝜶 𝐏𝐏𝐏𝐏𝐛𝐛𝐛𝐛 𝜶𝜶𝜶𝜶 (2) 

𝐝𝐝𝐝𝐝 = 𝐲𝐲𝐲𝐲𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐲𝐲𝐲𝐲𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐲𝐲𝐲𝐲𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (3) 
 

where 𝜶𝜶𝜶𝜶 = 𝛼𝛼𝛼𝛼1, 𝛼𝛼𝛼𝛼2, . . .  , 𝛼𝛼𝛼𝛼𝑗𝑗𝑗𝑗 , Pb is a j × j matrix of background error covariance matrix, R is the i × i matrix of 
observation error covariance, H represents a linear mapping from the given EOF space to observational space, 
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Table 1 
Perturbed Forcings in Each Experiment 

Experiment Lower atmospheric forcings High-latitude electric potential forcing 

ENS EXP1 Adding neutrals field perturbation from 15 February Adding electric potential perturbation from 15 March 

ENS EXP2 Adding neutrals field perturbation from 15 February Applying non-perturb electric potential field 

ENS EXP3 Applying non-perturbed neutral fields Adding electric potential perturbation from 15 March 

 
yobs and ymodel are the vector of observations and observed state variable that is reconstructed from the model with 
i elements, xmodel is the model state variable, and d is the discrepancy between observation and the model back- 
ground. The observations, yobs, used in the AMGeO includes plasma drift data from SuperDARN and geomag- 
netic perturbation data from SuperMAG. AMGeO uses the empirical ion convection model developed by Cousins 
and Shepherd (2010) with SuperDARN data (referred to hereafter as the CS10 model) as the background electric 
field, xmodel, and the CS10 model error covariance is defined based on EOF analysis of about 2 years of SuperD- 
ARN observations. Under a framework proposed by Richmond and Kamide (1988), plasma drift, geomagnetic 
perturbation, and electric field are linearly related if the conductance are known. Therefore, we can convert back- 
ground electric field from CS10 to plasma drift and geomagnetic perturbation in the observation space, ymodel, if 
the Pedersen and Hall conductances are known. AMGeO's Pedersen and Hall conductances are derived through 
the average electron energy and energy flux using the Robinson formula (Robinson et al., 1987), and the average 
electron energy and energy flux are estimated based on the auroral precipitation model, OVATION Prime. H is 
the operator that maps the electric field from CS10 to the plasma drift and geomagnetic perturbation in the obser- 
vation space, ymodel = Hxmodel. The term d is the residual electric field from observation, and d − EOF(α) in Equa- 
tion 2 is the difference between the residual electric field from observation and from the electric field constructed 
by EOFs. The α minimizing the cost function,J(α), is defined as the analysis coefficients of EOFs, αa, as 

𝜶𝜶𝜶𝜶𝑎𝑎𝑎𝑎 = 𝐊𝐊𝐊𝐊𝐊𝐊𝐊𝐊 (4) 
 

𝐊𝐊𝐊𝐊 = 
[
𝐇𝐇𝐇𝐇𝑇𝑇𝑇𝑇 𝐑𝐑𝐑𝐑−1 𝐇𝐇𝐇𝐇 + 𝐏𝐏𝐏𝐏−1

]−1𝐇𝐇𝐇𝐇𝐑𝐑𝐑𝐑−1 (5) 
 

and the analysis error covariance, Pa, becomes 

𝐏𝐏𝐏𝐏𝑎𝑎𝑎𝑎 = (𝐈𝐈𝐈𝐈 − 𝐊𝐊𝐊𝐊𝐊𝐊𝐊𝐊)𝐏𝐏𝐏𝐏𝑏𝑏𝑏𝑏 (6) 

where I is the identity matrix. Detail of pre-process steps of SuperDARN and SuperMAG data can be found 
in (AMGeO Collaboration, 2019). This study uses the electric field analysis error covariance of electric field 
computed by AMGeO v1.2b as the high-latitude forcing in WACCM-X. 

 

2.3. Ensemble Forcing Sensitivity Experiment Design 

To estimate the sensitivity of the thermosphere and ionosphere to the uncertainties of different forcings, this 
paper presents three ensemble simulation experiments (ENS EXP1, ENS EXP2, and ENS EXP3) during the 
2013 St. Patrick's Day geomagnetic storm. In each ensemble simulation experiment, 40 WACCM-X ensemble 
members are used, and the ionosphere-thermosphere in each ensemble member is forced by different lower 
atmosphere and different high-latitude electric potential patterns. The perturbed electric potential and perturbed 
lower atmosphere forcing are applied to WACCM-X ensemble simulations in ENS EXP1-3 as summarized in 
Table 1. A strong geomagnetic storm happened on 17 and 18 March 2013. As shown in Figure 1, the IMF turned 
southward at ∼06:00 UT on 17 March and the Dst dropped down to around −130 nT at ∼21:00 UT on 17 March 
(indicated by red dashed line) after the storm sudden commencement (SSC) at ∼07:00 UT on the same day (indi- 
cated by blue dashed lines). The Kp index the days before the storm shown in Figure 1 indicates that the geomag- 
netic condition is quiet before the storm. This provides a good opportunity to investigate the forcing uncertainties 
under storm and quiet conditions and their impact on the sensitivity of the thermosphere and the ionosphere in a 
whole atmospheric model. 

Table 1 lists the forcing perturbations that are applied in the ensemble simulation experiments. Different combi- 
nations of perturbed forcings are applied to individual ensemble members in the different experiments. Please 
note that this study only focuses on the uncertainty of high-latitude electric potential and the lower atmospheric 
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Figure 1. From top to bottom are the interplanetary magnetic field Bx, By, and Bz component, Kp index, and Dst index from 00:00 UT of 10 March 2013 to 00:00 UT of 
21 March 2013. Blue and red dashed lines indicate 07:00 and 21:00 UT of 17 March 2013. 

 
forcings, so the auroral particle precipitation is the same among all ensemble members in all experiments. 
Figure 2 shows the average electron energy and total energy flux before and after the storm at 23:00 UT on 15 
and 17 March. This average electron energy and total energy flux are the same among all ensemble members 
in all experiments. The ENS EXP2 is designed to evaluate the sensitivity of the thermosphere and ionosphere 
in the WACCM-X to uncertainty of lower atmospheric forcings. In ENS EXP2, the method mentioned in the 
following sub-section is applied to perturb the lower atmosphere. The high-latitude electric potential computed 
by the Heelis ion convectional model and the auroral particle precipitation computed by the analytical auroral 
model are driven by the real Kp index and are applied to all ensemble members during 00:00 UT on 15 February 
to 00:00 UT on 15 March 2013. After that, AMGeO electric potential and auroral particle precipitation computed 
by OVATION Prime are applied to storm period simulation. ENS EXP3 is designed to evaluate the sensitivity 
of the thermosphere and ionosphere in the WACCM-X to uncertainty of the high-latitude electric potential. In 
ENS EXP3, a set of perturbed high-latitude electric potential fields generated by the method described in the 
next sub-section is applied to ensemble members after 00:00 UT on 15 March 2013, and the lower atmosphere 
and auroral particle precipitation (computed by OVATION Prime) are the same in all ensemble members. Note 
that the lower atmosphere is constrained to the MERRA2 reanalysis in ENS EXP3 to ensure it is identical among 
all ensemble members. In addition, both the perturbations of lower atmospheric neutral fields and high-latitude 
electric potential are applied to ENS EXP1 to examine the sensitivity of WACCM-X when both kinds of uncer- 
tainties are taken into account. 

 
2.4. Forcing Uncertainty Estimation Method 

Assuming that there are I WACCM-X ensemble members, indexed as i = 1, …, I, and each WACCM-X ensemble 
member has a specific set of external forcings, f(i), the ith ensemble model state, x(i), advanced from time t to 
t + 1 is 

𝐱𝐱𝐱𝐱(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡 + 1) = 𝑡𝑡𝑡𝑡 𝐱𝐱𝐱𝐱(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡), 𝐟𝐟𝐟𝐟 (𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) , (7) 
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Figure 2. Average electron energy and total energy flux at 23:00 UT on 15 and 17 March. The top panels are the average electron energy and total energy flux at 23:00 
UT on 15 March, and the bottom panels are that on 17 March. The first column is the total energy flux in the northern hemisphere in ergs/cm2/s; the second column is 
the total energy flux in the southern hemisphere ergs/cm2/s; the third column is the average electron energy in the northern hemisphere in keV; The first column is the 
average electron energy in the southern hemisphere in keV. The red arrow indicate the Sun-Earth direction. 

 

where the x(i) (t) is the initial model state of the ith member at time t, the x(i) (t + 1) is the model state of the ith 
member at time t + 1, and 𝑡𝑡𝑡𝑡 is the time-integrated operator represented by the WACCM-X. Both x(i) (t) and x(i) 
(t + 1) are vectors that include model state variables on the 3-dimensional model grid. x(i) (t) is constructed by the 
ensemble mean term (average among model ensemble members), 𝐱𝐱𝐱𝐱̄ (𝑡𝑡𝑡𝑡),  and the perturbed term, 𝐱𝐱𝐱𝐱′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡), as 

𝐱𝐱𝐱𝐱(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) = 𝐱𝐱𝐱𝐱̄ (𝑡𝑡𝑡𝑡) + 𝐱𝐱𝐱𝐱′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡). (8) 

To estimate the impact of uncertainty of lower atmospheric forcings on the uncertainty of the thermosphere and 
ionosphere, Gaussian noise was added to the neutral zonal and meridional wind and temperature fields at the 
beginning of ENS EXP1 and ENS EXP2, t = t0. The standard deviation (STD) of Gaussian noise that added to 
the wind fields is 0.1 m/s and that added to the temperature is 0.1 K. In our case, t0 is 00:00 UT on 15 February 
2013. After a 1-month spin-up period from 15 February to 15 March, internal model dynamics leads to chaotic 
growth from the initial perturbations that ultimately results in the representation of the lower atmosphere forcing 
on the thermosphere and ionosphere being different in each ensemble member (Pedatella & Liu, 2018). For ENS 
EXP1 and ENS EXP2, the elements in vector 𝐱𝐱𝐱𝐱′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡0) that are related to the lower atmospheric neutral zonal and 
meridional wind fields and neutral temperature are Gaussian noise, and other elements are zeros. For ENS EXP3, 
all elements in 𝐱𝐱𝐱𝐱′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡0) are zeros. 

f(i) (t) is a vector of WACCM-X external forcings of the ith member, which in this study is the high-latitude 
electric field, 𝐄𝐄𝐄𝐄(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) = 𝐄𝐄𝐄̄𝐄 (𝑡𝑡𝑡𝑡) + 𝐄𝐄𝐄𝐄′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡). Each ensemble member has a specific 𝐄𝐄𝐄𝐄′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡), but 𝐄𝐄𝐄̄𝐄 (𝑡𝑡𝑡𝑡) is the same among all 
ensemble members. Before 00:00 UT of 15 March 2013, 𝐄𝐄𝐄̄𝐄 (𝑡𝑡𝑡𝑡)is given by Heelis ion convectional model and 

is switched to AMGeO after that. For ENS EXP2, all elements in 𝐄𝐄𝐄𝐄′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) are zeros. For ENS EXP1 and ENS 
EXP3, all elements in 𝐄𝐄𝐄𝐄′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) before 00:00 UT of 15 March 2013 are zeros, and are randomly drawn from the 
multivariate normal distribution with AMGeO's analysis error covariance, Pa, after 00:00 UT of 15 March 2013. 
The high-latitude electric field perturbation of the ith ensemble member is 

𝐄𝐄𝐄𝐄′(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) = 𝛼𝛼𝛼𝛼(𝑖𝑖𝑖𝑖) (𝑡𝑡𝑡𝑡)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1 + 𝛼𝛼𝛼𝛼(𝑖𝑖𝑖𝑖) (𝑡𝑡𝑡𝑡)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸2 + ⋯ + 𝛼𝛼𝛼𝛼(𝑖𝑖𝑖𝑖) (𝑡𝑡𝑡𝑡)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑗𝑗𝑗𝑗 , (9) 
1 2 𝑗𝑗𝑗𝑗 

𝜶𝜶𝜶𝜶(𝑖𝑖𝑖𝑖)(𝑡𝑡𝑡𝑡) ∼ 𝑁𝑁𝑁𝑁 (𝜶𝜶𝜶𝜶𝑎𝑎𝑎𝑎 , 𝐏𝐏𝐏𝐏𝑎𝑎𝑎𝑎 (𝑡𝑡𝑡𝑡)). (10) 
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Figure 3. The standard deviation (STD) of neutral temperature wind computed from the WACCM-X ensemble at about 0.013 hPa pressure level (about 80 km 
altitude). From top to bottom are results from ENS EXP1, ENS EXP2, and ENS EXP3. The first and second columns are the STD of the WACCM-X ensemble at 23:00 
UT of 15 and 17 March, respectively. The third column is the difference between the STD at 23:00 UT of 15 and 17 March. The red scale in the third column's subplots 
means that the STD at 23:00 UT of March 17 is larger than that at 23:00 UT of 15 March; the blue scale means that the STD at 23:00 UT of 17 March is smaller than 
that at 23:00 UT of 15 March. 

 
These perturbed electric fields help estimate the uncertainty of electric potential with current knowledge of the 
empirical model and SuperDARN and SuperMAG data. The sensitivity of the thermosphere and ionosphere to the 
uncertainties of low-atmospheric wave and tide forcings and high-latitude electric potential can now be estimated 
by driving a set of the WACCM-X ensemble with these two kinds of perturbations based on the Monte-Carlo 
algorithm. 

 

3. Result 
In this section, we first demonstrate the perturbed forcings determined by the method described in Section 2.4, 
and then show the sensitivity of both thermosphere and ionosphere in the WACCM-X due to the perturbed 
forcings. 

Figure 3 is the longitude-latitude maps of the STD of neutral temperature computed from ensemble members at 
about 0.013 hPa pressure level, which is approximately 80 km altitude. Similar figures for neutral zonal wind and 
neutral meridional wind, Figures S1 and S2 can be found in Supporting Information S1. Left to right columns of 
these figures show the STD at 23:00 UT of 15 and 17 March and the difference of STD between these two times, 
respectively, representing the STD before and after SSC and the change of STD due to the geomagnetic storm. 

Generally, large uncertainties of neutral zonal wind, neutral meridional wind, and neutral temperature are seen 
in ENS EXP1 and ENS EXP2 before SSC. The STD of zonal and meridional neutral wind fields from ensemble 
members in ENS EXP1 and ENS EXP2 that include lower atmospheric perturbation can reach about 50 m/s at 
mid-latitudes in the northern hemisphere, and the STD of temperature can reach about 15 K. In contrast, the STDs 
of these three fields are almost zero in ENS EXP3 during quiet time. The ensemble members fully diverge over 
the 1-month spin-up period leading to the large ensemble STD shown before SSC in ENS EXP1 and ENS EXP2. 
After SSC, the STDs of these three fields in ENS EXP3 increase a little, and the changes of STDs of ENS EXP1 
and ENS EXP2 are more complex (increase in some places and decrease in others). This would suggest that the 
strong high-latitude forcings might strengthen the spread caused by the uncertainties from the lower atmosphere, 
even at 80 km. More studies about this mechanism might need to be addressed in the future. 
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Figure 4. The standard deviation (STD) of electric potential from the WACCM-X ensemble. From top to bottom are results from ENS EXP1, ENS EXP2, and ENS 
EXP3. The first and second columns are the STD of the southern hemispheric electric potential from the WACCM-X ensemble at 23:00 UT of 15 and 17 March, 
respectively. The third columns is the difference of the STD of the southern hemispheric electric potential at 23:00 UT of 15 and 17 March. The fourth and fifth 
columns are the STD of the northern hemispheric electric potential from the WACCM-X ensemble at 23:00 UT of 15 and 17 March, respectively. The sixth column 
is the difference of the STD of the northern hemispheric electric potential at 23:00 UT of 15 and 17 March. The red scale in the third and sixth columns' subplots 
represents that the STD at 22:00 UT of 17 March is larger than that at 23:00 UT of 15 March; the blue scale represents that the STD at 23:00 UT of 17 March is smaller 
than that at 23:00 UT of 15 March. 

 
Figure 4 is the STD of electric potential over the northern and southern hemispheres. The ENS EXP1 and ENS 
EXP3, including high-latitude electric potential perturbation, show large STDs. The STD increases after SSC 
while the energy input from the magnetosphere increases. This aligns with the fact that the geomagnetic storm 
will raise the uncertainty of high-latitude electric potential forcings. Most data used in the AMGeO are from the 
northern hemisphere, and the estimation in the southern hemisphere might not be as accurate as in the northern 
hemisphere. Furthermore, the STD of electric potential is about 5% of the background electric potential, indi- 
cating the uncertainty of the AMGeO estimated electric potential is relatively small if assumptions behind the 
method of AMGeO are correct. 

Figure 5 shows the latitude-altitude maps of the ensemble STD of the amplitude of diurnal westward propagating 
tide with zonal wavenumber 1 (DW1), semidiurnal westward propagating tide with zonal wavenumber 2 (SW2), 
and diurnal eastward propagating tide with zonal wavenumber 3 (DE3) in neutral temperature computed from 
the ENS EXP2 and ENS EXP3 WACCM-X ensemble before SSC. Similar figures for neutral zonal wind and 
neutral meridional wind, Figures S3 and S4 can be found in Supporting Information S1. Results for ENS EXP1 
are similar to ENS EXP2 and are not shown. The ensemble STD of DW1, SW2, and DE3 are computed using 
the hourly WACCM-X output from 15 to 19 March. These Figures help quantify the uncertainty of tideal forc- 
ing from the lower atmosphere to the thermosphere and the ionosphere. Generally, the results are consist with 
Figure 3, Figures S1 and S2 in Supporting Information S1. Large STD of DW1, SW2, and DE3 components are 
shown in ENS EXP2. In contrast, the STD of DW1, SW2, and DE3 components from ENS EXP3 are negligible, 
revealing that the uncertainty of lower atmospheric tide and wave forcings are successfully applied to ENS EXP1 
and ENS EXP2 with the help of lower atmospheric perturbation method we described in the previous section. 

Figures 3–5 and Figures S1–S4 in Supporting Information S1 demonstrate how the uncertainties of lower atmos- 
pheric forcings and high-latitude electric potential forcing estimated with the methods outlined in the previous 
section look like, and next, the impact of these uncertainties on the thermosphere and the ionosphere will be 
addressed. 
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Figure 5. Latitude-altitude maps of the ensemble standard deviation of the amplitude of diurnal westward propagating 
tide with zonal wavenumber 1 (DW1, top panels), semidiurnal westward propagating tide with zonal wavenumber 2 (SW2, 
middle panels), and diurnal eastward propagating tide with zonal wavenumber 3 (DE3, bottom panels) in neutral temperature 
computed from the ENS EXP2 (left column) and ENS EXP3 (right column) WACCM-X ensemble before storm sudden 
commencement. 

 
We use the average STD to quantify the impact of the uncertainties on the thermosphere and ionosphere as 

N √[ I ] 

𝜎𝜎𝜎𝜎 (̄𝑡𝑡𝑡𝑡) =  1 ∑ √ 
 

N 
𝑛𝑛𝑛𝑛=1 

1 ∑ 
 

 

I 
𝑖𝑖𝑖𝑖=1 

(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑥𝑥𝑥̄𝑥(𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛 )2
 (11) 

 
where 𝜎𝜎𝜎𝜎(̄𝑡𝑡𝑡𝑡) is the averaged STD of a given model state at time t, n is the index of model grid, N is the number of 
horizontal WACCM-X model grid in the region that we focus on, i is the index of model ensemble, I is the total 
number of model ensembles (I = 40 in this study), x(t)i,n is the model state variable from ith ensemble at time t, 
and 𝑥𝑥𝑥𝑥(̄𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛 is the ensemble mean of model state variable at model time t. Equation 11 is applied to different model 
states to evaluate the impact of the uncertainties of difference forcings on the thermospheric and ionospheric 
states. 

Figure 6 shows the averaged STDs of temperature, zonal wind, meridional wind, and vertical total electron 
content (TEC) at high-latitudes (poleward of 60°) from 00:00 UT of 15 March to 00:00 UT of 19 March. The 
averaged STDs of temperature, zonal wind, and meridional wind are computed from the temperature, zonal 
wind, and meridional wind states at 4.687 × 10−8 hPa pressure level (about 350 km altitude). The values shown 
in Figure 6 and the follow-on figures (Figures 7–9) are considerably smaller than the background model states 
because they are averaged over all model grids, but the STDs can reach a considerably larger value in particular 
locations, which will be discussed later. At the beginning of the experiment, the averaged STDs of all states from 
ENS EXP1 (red lines) and ENS EXP2 (blue lines) are the same and larger than that from ENS EXP3 (black lines). 
This is because both ENS EXP1 and ENS EXP2 are initialized from the same initial ensemble set that includes 
lower atmospheric perturbation, and ENS EXP3 has not been perturbed at the beginning. Starting from 00:00 UT 
of 15 March, the high-latitude electric potential perturbation added to the ENS EXP1 and ENS EXP3 brings the 
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Figure 6. Temporal variation of the high-latitude (poleward of 60°N or 60°S) 
averaged standard deviation (STD) computed from WACCM-X ensemble over 
the period between 00:00 UT of 15 March and 00:00 UT of 19 March. Top to 
third panels are STD of neutral temperature, neutral zonal wind, and neutral 
meridional wind at 4.687 × 10−8 hPa pressure level (about 350 km altitude) 
averaged over high-latitude WACCM-X model grids. The fourth panel is the 
STD of total electron content averaged over high-latitude WACCM-X model 
grids. Red, blue, and black lines are STD computed from ENS EXP1, ENS 
EXP2, and ENS EXP3, respectively. 

averaged STDs of both thermospheric and ionospheric states from these two 
experiments higher. STDs of ENS EXP2 are overall larger than ENS EXP3 
indicating that the influence of the lower atmosphere forcing uncertainty is 
relatively large compared to the electric potential forcing uncertainty deter- 
mined by AMGeO. During the storm time, the uncertainty of electric poten- 
tial forcing strongly impacts the STDs of Joule heating and further changes 
the temperature, zonal wind, meridional wind fields in the high-latitude ther- 
mosphere and TEC in the high-latitude ionosphere. The averaged STD of 
all states from ENS EXP1 is overall larger than the other two, implying that 
the high-latitude averaged STD of states from ENS EXP1 is a superimposed 
effect of the uncertainties of the lower-atmospheric forcings and high-latitude 
electric potential forcing. 

By averaging the STDs over all horizontal grids, Figure 7 shows the verti- 
cal profiles of the high-latitude averaged STDs of temperature, neutral zonal 
wind, and neutral meridional wind at 12:00 UT of 15 and 18 March in dashed 
and solid lines. The averaged STDs from ENS EXP1 and ENS EXP2 are 
mostly overlapped in the troposphere and stratosphere at both 12:00 UT of 
15 and 18 March because we use the same lower atmospheric perturbation 
in these two experiments. The values increase along with altitude and reach 
a maximum in the mesosphere-lower thermosphere region. The increas- 
ing dissipation in the thermosphere leads to a reduction in the STD above 
∼10−4 hPa, possibly implying that only part of the lower-atmospheric energy 
is propagated upward to the thermosphere. On the other hand, the averaged 
STDs from ENS EXP3 are almost zero in the lower atmosphere and increase 
along with the altitude. The averaged STDs from ENS EXP3 is still smaller 
than ENS EXP2, indicating that the impact of uncertainty of the high-latitude 
electric potential forcing determined by AMGeO is smaller than the impact 
of the uncertainties of lower atmospheric forcings. The averaged STDs from 
ENS EXP1 are again slightly larger than that from ENS EXP2, indicating 
the combining effect of both the uncertainties of lower atmospheric forcings 
and high-latitude electric potential forcing appears in the ENS EXP1. The 
averaged STDs from ENS EXP1 and ENS EXP3 after SSC are larger than 
that before SSC (except the STD of temperature from ENS EXP1), which is 
consistent with Figure 6. 

The dayside low-latitude region TEC is mainly contributed by the F-region Equatorial Ionization Anomaly (EIA), 
which is highly related to both the neutral states (neutral zonal wind) and the ionized states (vertical plasma 
drift). To investigate the connection between the sensitivity of these states, Figure 8 shows the averaged STDs 
of zonal wind at 4.687 × 10−8 hPa pressure level (about 350 km altitude), vertical plasma drift at geomagnetic 
equator, and TEC in the low-latitude region from 00:00 UT of 15 March to 00:00 UT of 19 March. The averaged 
STDs of all states from ENS EXP1 and ENS EXP2 are significantly larger than that from ENS EXP3 over the 
whole experiment period, indicating that the low-latitude thermospheric and ionospheric states are considerably 
impacted by the lower atmospheric forcings. The averaged STDs of zonal wind states from ENS EXP3 slightly 
increase a couple of hours after the SSC and peak at about 12:00 UT on 18 March. Perturbed high-latitude electric 
potential forcing in different ensemble members causes differences in the magnitude of Joule heating, leading to 
different equatorward neutral wind patterns in the upper atmosphere. These results demonstrate that high-latitude 
electric potential forcing uncertainty is less important to the equatorial vertical plasma drift under geomagnetic 
quiet conditions. After the SSC, a peak of the averaged STDs of equatorial vertical plasma drift from ENS EXP3 
appears. This indicates that the prominent variability of thermospheric wind, shown as the peak of averaged STDs 
of zonal wind from ENS EXP3, changes the electrodynamic processes and increases the averaged STDs of equa- 
torial vertical plasma drift during the storm time. Finally, for ENS EXP3, the behavior of the averaged STDs of 
TEC before and after SSC are similar to the averaged STDs of equatorial plasma drift and zonal wind, indicating 
the sensitivity of the low-latitude electron density distribution is highly related to the sensitivity of equatorial 
plasma drift and the sensitivity of thermospheric zonal winds. 
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Figure 7. Vertical profiles of the high-latitude averaged standard deviation (STD) computed from WACCM-X ensemble before and after storm sudden commencement. 
Left to right panels are the STD of neutral temperature, zonal wind, and meridional wind averaged over high-latitude horizontal model grids at each model level. Dash 
and solid lines are the profiles at 12:00 UT of 15 and 18 March. Red, blue, and black lines are averaged STD computed from ENS EXP1, ENS EXP2, and ENS EXP3, 
respectively. 

 
 

 
 

Figure 8. Temporal variation of the low-latitude (±60°) averaged standard 
deviation (STD) computed from WACCM-X ensemble over the period 
between 00:00 UT of 15 March and 00:00 UT of 19 March. Top to bottom 
panels are STD of neutral zonal wind at 4.687 × 10−8 hPa pressure level 
(about 350 km altitude), vertical plasma drift at geomagnetic equator, and 
total electron content averaged over low-latitude WACCM-X model grids. 
Red, blue, and black lines are averaged STD computed from ENS EXP1, ENS 
EXP2, and ENS EXP3, respectively. 

Figure 9 also shows the vertical profiles of low-latitude averaged STDs of 
neutral temperature, neutral zonal wind, and neutral meridional wind at 
12:00 UT of 15 and 18 March. Since the TEC is vertical integrated electron 
density and equatorial vertical plasma drift mainly does not have much verti- 
cal variation between the E region and F2 region, we only show the vertical 
profiles of neutral temperature, neutral zonal wind, and neutral meridional 
wind. Similar to Figure 7, a maximum of averaged STD from ENS EXP1 
and ENS EXP2 is also shown in the mesosphere-lower thermosphere region. 
Overall, the averaged STDs from ENS EXP3 are considerably smaller 
compared with that from the other two experiments, indicating the sensitivity 
of low-latitude thermospheric states are dominated by the uncertainty of the 
lower atmospheric forcings. 

In addition, Table 2 lists the value of averaged STD at 12:00 UT on 15 and 18 
March plotted in Figures 6 and 8 so the changes of the uncertainty in the low- 
and high-latitude regions before and after the storm can be compared easily. 
It is clear that the STD from the ENS EXP1 is larger than the STD from the 
other two experiments. The sum of STD from the ENS EXP2 and ENS EXP3 
is not equal to STD from the ENS EXP1, implying the contributions of the 
uncertainties of high-latitude electric potential and lower-atmospheric waves 
and tides cannot be distinguished linearly. 

We further demonstrate the spatial sensitivity of the thermosphere and iono- 
sphere states to different forcings. Figures 10–12 are longitude-latitude maps 
of the STDs of neutral zonal wind, neutral meridional wind, and neutral 
temperature computed from model ensembles at 4.687 × 10−8 hPa pressure 
level. Figure 13 is longitude-latitude maps of the STDs of TEC, and Figure 14 
is the STDs of vertical plasma drift along geomagnetic equator. 

The left to right of Figures 10–13 are the longitude-latitude map of the STDs 
at 12:00 UT of 15, that at 12:00 UT of 18 March, and the difference between 
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Figure 9. Vertical profiles of the low-latitude averaged standard deviation computed from WACCM-X ensemble before and after storm sudden commencement. 
Similar to 7 but for low-latitude region. 

 
this two times. The results shown in Figures 10–14 are generally consistent with the results shown in Figures 6–9. 
In ENS EXP1, the high-latitude STDs of all neutral states are larger than the low-latitude STDs. The maximum 
high-latitude STD of neutral zonal wind at 4.687 × 10−8 hPa pressure level reaches 21.38 and 27.90 m/s at 12:00 
UT of 15 and 18 March, respectively, and the maximum low-latitude STD of neutral zonal wind reaches 15.64 m/s 
and 18.01 m/s. The maximum high-latitude STD of neutral meridional wind reaches 23.23 m/s and 32.75 m/s, 
and the maximum low-latitude STD of neutral meridional wind reaches 13.75 m/s and 14.18 m/s. The maximum 
high-latitude STD of neutral temperature reaches 10.44 and 12.78 K, and the maximum low-latitude STD of 
neutral temperature reaches 11.74 and 11.27 K. In addition, a sharp gradient between high and low latitude are 
shown around auroral oval in Figures 10–12 in ENS EXP1 and ENS EXP3. This is mainly due to the treatment of 
high-latitude convection pattern determined by AMGeO that is separated from the mid- and low-latitude dynamo 
in the WACCM-X. On the other hand, the STDs of TEC in the low-latitude region are significantly larger than 
those in the high-latitude region because of the contribution of the EIA. The maximum high-latitude STD of TEC 
reaches 1.20 TECu and 1.51 TECu at 12:00 UT of 15 and 18 March, and the maximum low-latitude STD of TEC 
reaches 6.50 TECu and 6.85 TECu. The maximum STD of the equatorial vertical plasma drift reaches 0.14 m/s 
and 0.72 m/s at 12:00 UT of 15 and 18 March. In ENS EXP2, the main STDs structure mainly appears in the 
low-latitude region, while the STDs structure primarily appears in the high-latitude region in the ENS EXP3. This 
is clearly because of different perturbed forcings in experiments. 

 
Table 2 
Averaged Standard Deviation at 12:00 UT of 15 and 18 March at 4.687 × 10−8 hPa Pressure Level in Figures 6 and 8 

 
 

Variable 

 
 

Latitude 

ENS EXP1 
 

15 March 18 March 

ENS EXP2 
 

15 March 18 March 

ENS EXP3 
 

15 March 18 March 

Temperature (K) Low 6.09 6.60 6.08 6.37 0.26 2.17 
 High 6.15 7.96 5.98 6.46 0.98 3.83 

Zonal Wind (m/s) Low 7.51 8.61 7.42 8.38 0.55 1.30 
 High 8.89 10.16 5.69 6.00 6.04 7.12 

Meridional wind Low 7.61 7.76 7.53 7.64 0.54 1.27 
(m/s) High 8.35 9.65 5.68 6.08 5.25 6.16 
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Figure 10. Longitude-latitude maps of the STDs of neutral zonal wind computed from WACCM-X ensembles at 4.687 × 10−8 hPa pressure level. From top to bottom 
are results from ENS EXP1, ENS EXP2, and ENS EXP3. The first and second columns are the standard deviation (STD) of the WACCM-X ensemble at 12:00 UT of 
15 and 18 March, respectively. The third column is the difference between the STD at 12:00 UT of 15 and 18 March. The red scale in the third column's subplots means 
that the STD at 12:00 UT of March 18 is larger than that at 12:00 UT of 15 March; the blue scale means that the STD at 12:00 UT of 18 March is smaller than that at 
12:00 UT of 15 March. 

 
 
 
 

 

Figure 11. Longitude-latitude maps of the STDs of neutral meridional wind computed from model ensembles at 4.687 × 10−8 hPa pressure level. Similar to 10 but for 
neutral meridional wind. 
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Figure 12. Longitude-latitude maps of the STDs of neutral temperature computed from model ensembles at 4.687 × 10−8 hPa pressure level. Similar to 10 but for 
neutral temperature. 

 

4. Discussion 
The atmosphere is chaotic by nature and this limits the predictability. In this study, Gaussian noise was added 
to the neutral zonal and meridional winds and temperature fields at the beginning of ENS EXP1 and ENS 
EXP2. The initial perturbation grows during the experiment period because of the internal model dynamics. 
Liu et al. (2009) explored the chaotic divergence of initial conditions and predictability using the WACCM. 

 

 
Figure 13. Longitude-latitude maps of the STDs of total electron content (TEC) computed from model ensembles. Similar to 10 but for TEC. 
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Figure 14. The STDs of vertical plasma drift along geomagnetic equator computed from model ensembles. Dash and solid 
lines are STDs at 12:00 UT of 15 and 18 March, respectively. 

 
They perturbed the zonal mean temperature at 82°N and zonal mean zonal wind at 62°N and at both latitudes 
at 10 hPa to generate 10 WACCM ensemble members to investigate how the error grows in the model. The 
error growth in the middle and upper atmosphere is significantly reduced if the lower atmosphere is regularly 
reinitialized. Smith et al. (2017) investigated the dynamical influence of the lower and middle atmosphere on 
the upper mesosphere and lower thermosphere. They nudged the WACCM horizontal wind and temperature 
over part of the vertical range toward a true simulation. They found that the error growth largely depends on 
the vertical extent and frequency of the data used for nudging the model and the method used for representing 
gravity wave drag. Both of their study focus on understanding the mechanism behind the error growth and 
reducing it to improve the deterministic simulation result. In this study, we bring this issue to the probabilistic 
framework. Instead of reducing the error growth, we focus on characterizing how this uncertainty in the lower 
atmosphere forcing can influence the uncertainty in the ionosphere, while also considering the uncertainty in 
high-latitude forcing. 

Pedatella et al. (2018) generate ensemble TIE-GCM simulation with perturbed electric potential and auroral 
energy flux. The STD used to perturb the electric potential was computed from typical values of observed high 
latitude electric field variability. In their study, the mean electric potential was in a range of ±50 keV, and the STD 
reached 30% of the mean, while in our ENS EXP3, the mean electric potential is in a range of ±30 keV and the 
STD is only 5% of the mean (shown in Figure S5 of Supporting Information S1). This indicates that only a small 
variation is shown in the upper atmosphere in ENS EXP3 compared with their study. However, the STD used in 
Pedatella et al. (2018) is constant over time and is not related to the analysis error of the AMIE. If the AMGeO 
and SuperDARN can provide more realistic estimates of the uncertainty, especially the uncertainty contributed 
from small-scale electric fields, only a small electric potential uncertainty that can vary under different geomag- 
netic conditions need to be considered. Pedatella and Liu (2018) perturb lower atmosphere in the WACCM-X 
with the same method as this study. The TEC changes between different ensemble members are up to 20% and 
40% during quiet and storm times. The changes between different ensemble members in ENS EXP2 are up to 
about 50% during storm time (shown in Figure S6 of Supporting Information S1), which is comparable with the 
work of Pedatella and Liu (2018). Ensemble simulation experience 5 (TIE-GCM/ENS-5) in Hsu et al. (2021) 
perturb solar irradiance, high-latitude electric potential, auroral energy flux, and solar irradiance forcing the in 
the TIE-GCM during a minor storm period. The variance of equatorial vertical plasma drift during the storm 
period is about 15 m/s which is about 3.87 m/s in STD. This is larger than the result shown in this study, which 
might relate to the fact that the uncertainty of solar irradiance forcing is not being considered. A more compre- 
hensive study that can take both the uncertainties of auroral energy flux forcing and solar irradiance into account. 
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5. Conclusions 
The purpose of the present study is to evaluate the sensitivity of thermospheric and ionospheric states to the uncer- 
tainties of the high-latitude electric potential and lower-atmospheric tide and wave forcings. The high-latitude elec- 
tric potential forcing uncertainty and lower-atmospheric tide and wave forcing uncertainty are estimated in two ways. 
Analysis error covariance of the electric potential in an assimilative procedure of high-latitude electric potential, 
AMGeO, is used as the electric potential forcing uncertainty. This provides a data-based and time-varying electric 
potential forcing uncertainty. 40 high-latitude electric potential fields are sampled based on this uncertainty. On the 
other hand, the lower neutral atmosphere in a whole atmosphere model, WACCM-X, is perturbed to generate 40 
lower atmospheric conditions through chaotic divergence. These 40 lower atmospheric conditions can lead to differ- 
ent internal tide and wave forcings. After that, 40 pairs of high-latitude electric potential fields and lower atmos- 
pheric conditions are applied to different WACCM-X ensemble members to drive ensemble simulation experiments. 
The spread of the neutral and ionized states from WACCM-X ensemble members can help estimate the sensitivity 
of the thermosphere and ionosphere to the uncertainties of forcings according to the Monte-Carlo algorithm. Three 
WACCM-X ensemble simulation experiments, ENS EXP1, ENS EXP2, and ENS EXP3, are launched with different 
combinations of forcing perturbations during the period of the 2013 St. Patrick's Day geomagnetic storm. 

Although the impact of high-latitude electric potential uncertainty on low-latitude and quiet period thermospheric 
and ionospheric states is small, it is not negligible during the storm period. Uncertainties of lower atmospheric wave 
and tide forcings lead to a significant periodic variability of the uncertainties of upper atmosphere in the model, and 
is more important in low-latitude region than in the high-latitude region. The thermospheric and ionospheric states 
become even more sensitive if we take uncertainty of both forcings into account as show by ENS EXP1. STD is used 
to quantity the uncertainty of the thermosphere and ionosphere in different experiments. The STDs from the ENS 
EXP1, ENS EXP2, and ENS EXP3 don't have a clear linear relation, indicating that the impact of the uncertainties of 
high-latitude electric potential and lower-atmospheric waves and tides is not superposed linearly. By taking both the 
uncertainties of high-latitude electric potential and lower atmospheric wave and tide forcings into account the maxi- 
mum STD of the temperature states at 4.687 × 10−8 hPa pressure level reaches 10.44 K, and that of the zonal and 
meridional winds reach 27.90 m/s and 32.75 m/s. For the ionized part, the maximum STD of the plasma drift and 
TEC calculated from WACCM-X ensemble reaches 0.14 m/s and 6.50 TECu. The typical thermosphere-ionosphere 
simulation result is based on given forcings which might include significant errors or bias in themselves. Therefore, 
the simulation result with this kind of deterministic way is likely to have significant error or bias that is difficult to 
insight. It is crucial to building up a comprehensive knowledge of the response of the model simulation to forcing 
uncertainties. The ensemble simulation experiments presented in this study provide a first insight of how signif- 
icant the discrepancy of simulated thermospheric-ionospheric result may be caused by small error or bias in the 
high-latitude electric potential and lower atmospheric wave and tide forcing estimation. This study is also very useful 
for space weather prediction since background error estimation is an important set when doing data assimilation. 

Data assimilation is a method that can calculate an analysis physical state by optimally combining the observed phys- 
ical state with modeled physical state. The observation and background errors are two critical factors in determining 
the weight of the observed physical state and modeled physical state. Understanding the potential model error due 
to the forcing uncertainties helps improve the space weather data assimilation. We only present the sensitivity of a 
few key states to the uncertainties of the high-latitude electric potential and low-atmospheric wave and tide forcings 
during the period of the 2013 St. Patrick's Day geomagnetic storm. The uncertainties of more forcings, including the 
solar irradiance and energetic particle precipitation, need to be estimated and their impact on the model under differ- 
ent conditions need to be examined. For example, the uncertainties of energetic particle precipitation and its impact 
under different solar activity levels, or uncertainties of the solar irradiance and its impact during difference seasons. 
More studies of the relevant topic need to be carried out in the future to comprehensively understand the sensitivity 
of thermospheric and ionospheric model to the uncertainties of different forcings under different conditions. 

 
 

Data Availability Statement 
The WACCM-X + DART can be downloaded from the NCAR Data Assimilation Research Section website, 
https://www.image.ucar.edu/DAReS/DART/. The AMGeO can be obtained by request through the AMGeO 
website, https://amgeo.colorado.edu/. The major experiment result can be found on Open Science Framework, 
https://doi.org/10.17605/OSF.IO/GJZWT and https://doi.org/10.17605/OSF.IO/3MVQD. 
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