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Abstract Satellite retrievals of carbon monoxide (CO) are routinely assimilated in atmospheric chemistry
models to improve air quality forecasts, produce reanalyzes and to estimate emissions. This study applies the
quantile-conserving ensemble filter framework, a novel assimilation algorithm that can deal with non-Gaussian
and modestly nonlinear distributions. Instead of assuming normal distributions like the Ensemble Adjustments
Kalman Filter (EAKF), we now apply a bounded normal rank histogram (BNRH) distribution for the prior. The
goal is to efficiently estimate bounded quantities such as CO atmospheric mixing ratios and emission fluxes
while maintaining the good performance achieved by the EAKF. We contrast assimilating meteorological and
MOPITT (Measurement of Pollution in the Troposphere) observations for May 2018. We evaluate the results
with the fourth deployment of the NASA Atmospheric Tomography Mission (ATom-4) airborne field
campaign. We also compare simulations with CO tropospheric columns from the network for the detection of
atmospheric composition change and surface in-situ observations from NOAA carbon cycle greenhouse gases.
While the differences remain small, the BNRH approach clearly works better than the EAKF in comparison to
all observation data sets.

Plain Language Summary The MOPITT instrument on the NASA/Terra satellite can detect
carbon monoxide (CO) pollution in the lower and mid-tropospheric atmosphere but cannot accurately
differentiate small changes in the altitude of pollution plumes. Such satellite observations are assimilated
in numerical model predictions to improve the spatial and temporal distribution of CO in the atmosphere
and to estimate emission fluxes. We present a novel method that does not require assumptions about the
model and the observations, leading to a more efficient and accurate assimilation of the satellite
observations.

1. Introduction

Capturing spatio-temporal variability of atmospheric constituents is important for both short-term air quality
monitoring and multi-scale chemical weather forecasting (e.g., Brasseur & Kumar, 2021), as well as supporting
chemistry-climate applications (e.g., Staniaszek et al., 2022). Carbon monoxide (CO) plays a central role in
tropospheric chemistry. As the primary sink of the hydroxyl radical (OH), CO indirectly controls methane (CH,)
lifetimes (Gaubert et al., 2017; Prather, 2007; Zhao et al., 2020), which may become increasingly important with
the potential rise of hydrogen (H,) emissions (Bertagni et al., 2022).

Large scale episodic but ubiquitous wildfire sources of CO and other chemicals produce tropospheric ozone (O5)
(Bourgeois et al., 2021; Jaffe & Wigder, 2012; Lin et al., 2017). Butler et al. (2018) estimated that CO contributes
to around 10% of the global tropospheric O; burden. In combination with other data sets, satellite CO observations
have proven useful in a number of different atmospheric applications, for example, to characterize urban envi-
ronments (Silva et al., 2013; W. Tang et al., 2019; Wu et al., 2022), biogenic fluxes (Hudman et al., 2008; Parazoo
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et al., 2021; Worden et al., 2019), ozone formation (Cheng et al., 2017, 2018), urban plume chemistry (Lama
et al., 2022), wildfire emission trends (Buchholz et al., 2022) and chemistry (Juncosa Calahorrano et al., 2021) as
well as long-range transport (Ceamanos et al., 2023).

The longest satellite record of CO column abundance retrievals is based on The Measurements of Pollution
In The Troposphere (MOPITT) (Buchholz et al., 2021), and is used in reanalysis systems (Gaubert
et al., 2017; Inness et al., 2019; Miyazaki et al., 2017) as well as inverse modeling to monitor emission and
flux changes (Jiang et al., 2015; J. Liu et al., 2017; Zheng et al., 2019). Chemical DA efficiently integrates
satellite observations to evaluate and improve models, estimate emissions, and issue chemical weather
forecasts. As part of the Copernicus Atmosphere Monitoring Service or CAMS (Peuch et al., 2022), the
European Center for Medium-Range Weather Forecasts (ECMWF) provides global air quality forecasts with
MOPITT and Infrared Atmospheric Sounding Interferometer (IASI) CO DA (Inness et al., 2022) and will
include operational real time assimilation of TROPOspheric Monitoring Instrument (TROPOMI). Satellite
CO retrievals are considered to be the best observations to estimate fire emissions and are used to reduce
uncertainties in the CO, budget (J. Liu et al., 2017; van der Velde et al., 2021; Naus et al., 2022; Zheng
et al., 2023). Such CO observations also provide constraints on anthropogenic sources although discrepancies
between bottom-up and top-down emissions remain in places such as China or western Africa (Elguindi
et al., 2020). MOPITT inversions found that bottom-up CO emissions are underestimated in China, espe-
cially in the northern part of the country, with dominant contribution from the residential, the industrial and
transportation sectors (Gaubert et al., 2020; Qu et al., 2022). CO inversions resulting from the assimilation of
the SSP/TROPOMI observations indicated that industrial point sources were underestimated in bottom-up
inventories between 2017 and 2020 in China (Tian et al., 2022). Inversions of satellite CO observations
suggest a stronger seasonal cycle in CO emissions while the role of chemistry is also important and
improving global chemistry models remains a challenge today (Gaubert et al.,, 2016, 2023; Kopacz
et al., 2010; Shindell et al., 2006; Stein et al., 2014). Transport error, the hydroxyl radical OH, assimilation
settings, as well as biases and vertical representativeness of satellite observations all contribute to error in
inversions and complicate source attributions (Jiang et al., 2013; Miiller et al., 2018; Z. Tang et al., 2022;
Gaubert et al., 2023).

The goal of this study is to investigate the impact of the recently developed quantile-conserving ensemble
filter framework (QCEFF) described in three publications (Anderson, 2022, 2023; Anderson et al., 2024). In
past studies, we used of the Ensemble Adjustment Kalman Filter (EAKF) algorithm (Anderson, 2003) that
assumes the prior model error and the observation error are normally distributed. For instance the CO
chemistry is a coupled system that results in nonlinear sensitivity to initial conditions (Gaubert et al., 2016)
and emissions, which impacts CH, (Gaubert et al., 2017). Here we introduce a non-Gaussian filter update
that could outperform the EAKF in non-Gaussian cases while performing nearly as well as the EAKF
otherwise. The analysis is performed using the bounded rank histogram filter and can represent arbitrary
prior distributions for observed variables (Anderson, 2010, 2020). In addition to the nonlinear and non-
Gaussian analysis updates, the localization, the inflation and the regression of unobserved variables are
now perform in a transformed space that respects the appropriate bounds and can also better represent
nonlinear relations between observed and unobserved state variables. We will refer to this analysis update as
the bounded normal rank histogram (BNRH) assimilation algorithm (Anderson, 2023). This algorithm is
designed specifically for positive-definite quantities such as CO atmospheric mixing ratios and emission
fluxes.

We evaluate the different assimilation configuration results with MOPITT dry air columns (XCO), and three
independent data sets that all cover a wide range of latitudes:

1. Global network of surface in-situ remote sites.

2. Dry-air tropospheric column-averaged mole fraction of CO from the Network for Detection of Atmospheric
Composition Change (NDACC).

3. Aircraft in-situ profiles from the CO NASA airborne Atmospheric Tomography Mission (ATom)

This paper is organized as follows, we introduce the observations used for assimilation and evaluation in Sec-
tion 2. The model and the assimilation algorithms are described in Section 3. Results of the assimilation ex-
periments are compared to independent data sets in Section 4 and conclusions are presented in Section 5.
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2. Observations
2.1. MOPITT V9J CO

We assimilate daytime observations of the most recent version 9 joint (V9J) MOPITT profile retrieval product,
described and evaluated in Deeter et al. (2022). The version nine includes a bias correction algorithm introduced
in V8 (Deeter et al., 2019) and shows comparable statistics with the evaluation data sets (Deeter et al., 2022).
However, it includes an improved cloud detection algorithm that increases the number of retrievals and thus the
spatial coverage (Deeter et al., 2021). The joint product shows a much larger vertical sensitivity by including CO
absorption bands in both the near infrared (2.3 pm) and in the thermal infrared channels (4.7 pm) (Worden
et al., 2010). Previous summertime assimilation of MOPITT V9J data showed improved modeled CO columns
when compared to NDACC Fourier transform infrared (FTIR) tropospheric dry-air CO columns (Gaubert
et al., 2023).

2.2. Network for Detection of Atmospheric Composition Change (NDACC)

We evaluate prior and optimized CO with the independent NDACC data set of ground-based Fourier transform
infrared spectrometer (FTIR). The tropospheric mixing ratio of CO, weighted by air mass (WVMR), is obtained
with ground-based FTIR measurements of cloud-free infrared spectra, with direct-sun observations. The station
network includes remote and urban sites, in the southern hemisphere and at high latitudes of both hemispheres, but
there is a lack of data in the tropics. For the considered period, there were 12 operating sites and 143 daytime
average observations. For each observation, we apply the FTIR averaging kernels and a priori vertical profile to
simulated vertical profiles to account for the FTIR altitude sensitivity. The impact of the tropopause is diminished
by setting a maximum altitude lower than the height of the tropopause (Ortega et al., 2023).

2.3. NOAA Carbon Cycle Greenhouse Gases (CCGG)

We use the data from the CO GLOBALVIEWplus v2.0 ObsPack (Schuldt et al., 2021) provided by the NOAA
Global Monitoring Laboratory. We selected the representative site of the surface in-situ network of flask sample
CO measurements (Novelli, 2003; Novelli et al., 1991). The observations are average for the month of May 2018
and compared to the modeled monthly mean.

2.4. NASA Atmospheric Tomography Mission (ATom)

The fourth ATom deployment (ATom-4) occurred from 24 April to 21 May 2018 (Thompson et al., 2022). Here
we use the flights number 4 to 12 from 1 May to 22 May 2018 and we separate the Atlantic and the Pacific at the
meridian 70°W. The flight paths included vertical profiles reaching altitudes of up to 13 km. Figure 1 shows the
DC-8 flight tracks and the resulting CO transects over the 2 different ocean basins. The CO mole fractions were
measured in situ with a cavity ring down instrument (Picarro G2401 m). The south Pacific deployment constitutes
flights 4 to 6 from 1 May to 7 May 2018. The Atlantic leg (flights 7 to 10) covered Antarctica to Greenland
(Figures 1c and 1d), from 9 May to 18 May 2018. The northern parts of the Pacific transect were sampled with the
last two flights. Since the campaign happened in the late boreal spring, the higher latitudes of the northern
hemisphere show a large background CO, usually higher than 100 ppb. Conversely, the CO levels were lower than
80 ppb in the southern hemisphere and less than 50 ppb in the southern high latitudes.

3. Methods
3.1. Community Atmosphere Model With Chemistry (CAM-chem)

Simulations are conducted with the Community Atmosphere Model with Chemistry (CAM-chem), a configu-
ration of the Community Earth System Model version 2.2 (CESM2.2), described in Danabasoglu et al. (2020). We
use the standard chemistry configuration, which is the MOZART tropospheric and stratospheric chemistry TS1
(Emmons et al., 2020) and the modal aerosol model (X. Liu et al., 2016), including the updated Volatility Basis
Set schemes for secondary organic aerosols (Tilmes et al., 2019). We only modify the nitric acid trihydrate
particle number densities from 0.01 to 107> cm™ to better represent stratospheric ozone (Bouarar et al., 2021;
Wilka et al., 2021) and the heterogeneous aerosol uptake coefficient (y) of 0.1 for hydroperoxyl radical (HO,),
with the reaction product being H,O instead of H,O, following Gaubert et al. (2020). The model is run with 32
vertical layers on a 0.95° in latitude by 1.25° in longitude grid.
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Figure 1. ATom-4 campaign flight track location colored by research flight number (a). Altitude versus latitude carbon
monoxide atmospheric tomography for (b) Pacific and (c) Atlantic Oceans.

Our ensemble experiments are initialized from a single CAM-chem simulation where the temperature and the
winds are nudged to the Modern-Era Retrospective Analysis for Research and Applications version 2 (Gelaro
etal., 2017), as in previous studies (Gaubert et al., 2021; Ortega et al., 2023). However, in our ensemble runs that
include meteorological DA, the CAM-chem simulations are not nudged to a reanalysis. Sea surface temperatures
(SST) are prescribed from a daily analysis of Advanced Very High Resolution Radiometer (AVHRR) obser-
vations (Reynolds et al., 2007) on a 0.25° X 0.25° spatial grid and on a daily timescale. The Community Land
Model version 5 (CLMS5) is online and coupled to the atmosphere at every physical time step of 30 min. CLM5 is
used to calculate the aerosols and gases dry deposition and to drive the Model of Emissions of Gases and Aerosols
from Nature, MEGAN v2.1 (Guenther et al., 2012). We are using the specified phenology configuration that
prescribes leaf area index. Anthropogenic emissions are provided by the CAMS-GLOB-ANT_v5.3 inventory,
described in detail in Soulie et al. (2024). The Fire INventory from NCAR (Wiedinmyer et al., 2023) version 2.5
(FINNv2.5) estimates daily biomass burning emissions from both the Moderate Resolution Imaging Spectror-
adiometer (MODIS) and the Visible/Infrared Imager Radiometer Suite (VIIRS). Methane and other greenhouse
gases are prescribed at the surface.
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3.2. Ensemble Adjustment Kalman Filter (EAKF)

The analysis update is estimated by the Ensemble Adjustment Kalman Filter (EAKF) (Anderson, 2001), as
implemented in the Data Assimilation Research Testbed (DART), an open-source software for ensemble DA
(Anderson et al., 2009). The DA setup used here has been described in detail in Gaubert et al. (2023). It is derived
from the CAM + DART reanalysis (Raeder et al., 2021) and includes the MOPITT CO profile assimilation with
emission updates (Gaubert et al., 2020).

First a 30-members ensemble of CAM-Chem 6-hourly forecasts is run in parallel. As in previous studies the
emissions are perturbed using the pseudo-random fields derived from a two-dimensional Gaussian distribution
(Evensen, 2003; Gaubert et al., 2014). This perturbation method compares well with other perturbation strategies
(Deng et al., 2022). The same fields are applied to all the species prescribed by the CAMS-GLOB-ANT_v5.3
anthropogenic inventory with a relative error standard deviation ¢ of 30% and fixed horizontal decorrelation
length / of 500 km. Another set of fields is applied to all the species emitted by the fire surface emission fluxes
with a o of 20% and [ of 300 km.

The computed ensemble prior provides the meteorological state vector consisting of specific humidity, cloud
liquid water, cloud ice, surface pressure, wind components and temperature, as well as the chemical state vector,

CO, and surface emissions CO,,,;_,; and CO Let the vector 27, i = 1, ...N, represent the prior model state

emi—fire:
vector for the ith ensemble forecast valid at a time when observations are assimilated for an N-member ensemble.
DART implements the EAKF using the two-step algorithm described in (Anderson, 2003). The assimilation
algorithm can be described without loss of generality by examining the impact of a single observation, y, on a
single component of the model state vector, x. The first step is to obtain a prior estimate of the observation for each

ensemble member by applying a forward operator to the state vector:
W=h(#)i=1,...N €))

A normal distribution is fit to the prior ensemble of y. The observation likelihood is also represented by a normal
with a mean equal to the observed value and a specified observation error variance. A continuous normal posterior
distribution for y is computed using Bayes rule to multiply the prior distribution and the likelihood and an analysis
(posterior) ensemble, y{, is computed by conserving the quantiles from the prior ensemble relative to the prior
distribution (Anderson, 2022). Increments for the observation are defined as:

Ay =y =y @

In the second step, ensemble increments for each state variable are computed independently in parallel. The
increments for state variable x are computed using the prior ensemble covariance between x and y (o, ,) and the
observation error variance o, ,:

Oy y

Ax; = a—=Ay, (3)
Oyy

a is the localization parameter (Anderson, 2012) used to limit the spatial impact of the observations given the
sampling errors caused by the small ensemble size. Here we use a half-width 0.1 radians or ~600 km for the
Gaspari—Cohn localization function (Gaspari & Cohn, 1999) and around 1,200 m in the vertical.

We also estimate emission fluxes using the state augmentation approach. By augmenting the state vector z with
these emission fluxes, we can use (Equation 3) to regress the observation space increments Ay; onto the unob-
served variables, here CO,,,;_,, and CO,,,;_g,., when assimilating MOPITT CO observations. As in Gaubert
et al. (2020), the relative emission increments are used to update the ensemble of emission input files:

A o
by = 71 20 “

COemi,i

The weight w is a function (a exp(—#/(7))) used to propagate the increments forward in time with decreasing
impacts and set to zero at 2z. The EAKF tends to underestimate the uncertainty associated with the prior
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distribution due to model error, limited ensemble size, and approximations in the assimilation algorithm. Some of
this lost variability is restored using an inflation algorithm applied to the prior. A spatially and temporally varying
inflation factor 4, is applied to each state-space variable (Anderson, 2009) to modify the ensemble spread without

affecting the ensemble mean of forecasts )7; :
=i =)+ )

The spatially and temporally varying covariance inflation factor A, is itself optimized using the enhanced algo-
rithm introduced in Gharamti (2018). The settings for this algorithm include inflation lower and upper bounds of
0 and 25, an inflation standard deviation lower bound of 0.6, and an inflation damping of 0.9. An important
parameter is the control of the maximum increase of the inflation standard deviation during one analysis step, it
has been set to 1.05.

We note that Ensemble Kalman Filters, like the EAKF, provide optimal solutions if the observation likelihood is
Gaussian, the prediction model is linear and if the observation operator is a linear function of the state vector.
However, good performance has been achieved with usually slightly nonlinear and non-Gaussian prediction
models such as in chemistry applications (e.g., Gaubert et al., 2016).

3.3. Quantile-Conserving Ensemble Filter Framework (QCEFF)

The QCEFF generalizes both steps of the EAKF assimilation algorithm. In the first step (Anderson, 2022),
computing the increment for the observed variable, an arbitrary distribution can be fit to the prior ensemble of y
that is obtained by applying the forward operator. An arbitrary distribution can also be used for the observation
likelihood. Bayes rule is still used to compute the posterior continuous distribution by taking the product of the
prior and the likelihood. The posterior ensemble is again obtained by conserving the quantile of the ensemble
members. The distribution used here for the prior is the BNRH distribution presented in Appendix C of
Anderson (2023) and generalized to allow mixed distributions that have both discrete and continuous probabilities
(Anderson et al., 2024). An N-member ensemble sample of a scalar partitions the real number line into N+1
intervals. The BNRH distribution places ﬁ of the probability into each region. For interior regions, the prob-
ability is uniformly distributed between adjacent ensemble members. If the quantity is bounded, the probability
between the outermost ensemble member and the bound is also uniformly distributed. The probability on un-
bounded tails is represented by an appropriately weighted normal distribution tail. Lower bounds of zero are used
for all tracer variables and sources. The likelihood is a truncated normal (Anderson, 2022) for all bounded state

variables (CO, CO,,,;_... and CO ) and a normal for all other variables.

emi—fire
The QCEFF also generalizes the second step of the EAKF, computing increments for a state variable x given
increments for an observed variable y, by allowing the regression to be performed in an appropriately transformed
space. The x and y ensembles are transformed independently for each regression. The transformation is applied
using cumulative distribution functions (CDFs) F; and F for all the prior ensemble members for x and the prior

and analysis ensemble members for y, that is,

% = o' [F ()] (©)
5% = o [F(0)] ™
7= 0 [F(x)] ®)

where @ is the CDF of a standard normal and ® " is the probit function or the inverse of the CDF of a standard
normal. Again, the BNRH (with a lower bound of O for tracers and sources) is the distribution type used to get the
CDFs for both the state and observation ensembles.

3.4. Assimilation Experiments

We focus on May 2018 because the ATom-4 aircraft observations were available. The month of May is usually
characterized by fires, sometimes for agriculture, in the tropics of the northern hemisphere (Duncan et al., 2003).
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Figure 2. Monthly average differences (May 2018) in carbon monoxide (ppb) between MOPITT-DA-EAKF and the Control-
DA (left column) and between the MOPITT-DA-BNRH and the MOPITT-DA-EAKEF for 3 different altitude levels
(~500 hPa, ~700 hPa and for the surface layer).

We carried out 3 assimilation experiments to show the relative impact of the two ensemble filters (EAKF and
QCEFF). The ensemble spinup starts on 11 April 2018 with perturbed nudging parameters to generate a
dynamical ensemble, and with perturbed emissions. In this case the ensemble is nudged to the CAM6+DART
reanalysis (Raeder et al., 2021). The Control-DA (no CO assimilation) is initialized on 17 April 2018 with
assimilation of meteorological observations every 6 hr until 1 June 2018. The 2 MOPITT CO assimilation runs
(MOPITT-DA-EAKEF and the MOPITT-DA-BNRH) are initialized from the Control-DA on 24 April 2018. The
MOPITT-DA-BNRH uses QCEFF with BNRH distribution for the CO state and the CO emissions, the meteo-
rological DA is performed as in the other assimilation experiments with an EAKF. The emission optimization for
both MOPITT-DA experiments starts on 1 May2,018. We perform 3 additional CAM-chem simulation with the
same emissions, but with the updated MOZART TS1.2 chemistry, a reference simulation (CAM-chem-Ref) with
the standard emissions (CAMS-GLOB-ANT _v5.3/FINNv2.5), and with the two obtained posterior emissions for
each MOPITT assimilation (CAM-chem-post-EAKF and CAM-chem-post-BNRH).

4. Results: Assessment of CO Assimilation Impacts
4.1. Assimilation Impacts

Figure 2 shows the assimilation impacts at 3 different altitude layers (524 hPa, 763 hPa and at the surface). The
MOPITT assimilation decreases CO across the tropics but increases CO at high latitudes of the northern hemi-
sphere in the free troposphere and to a lesser extent toward the surface. There are larger increases toward the
surface and over the continents of the northern hemisphere. Differences between the MOPITT-DA-EAKF and the
MOPITT-DA-BNRH remains small but are getting larger toward the surface. CO concentrations can be increased
by up to 20 ppb close to large emissions sources, with the most impact in East-Asia. This is likely due to different
emission flux estimates. Next, we will compare the various experiments with observational data sets to evaluate
the impacts of such CO changes.
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Figure 3. MOPITT XCO column-average dry-air mole fraction monthly average (May 2018). Panels b, ¢, and d show the
difference between the model XCO and the MOPITT XCO.

4.2. Comparison With MOPITT XCO

Figure 3a shows the average MOPITT XCO values for the month of May 2018. A common boreal spring feature
is the large background values in the northern hemisphere, all greater than 75 ppb. The largest XCO values are
found in east and south Asia, western Africa and for a fire in Siberia. One can also notice the fires in central
Anmerica and in central Africa. Aside from the fire emission plumes, low XCO values ranging from 30 to 60 ppb
are found in the southern hemisphere. As in previous studies (Gaubert et al., 2023), the Control-DA overestimates
XCO from the tropical fires while underestimating the XCO in the northern hemisphere, by more than 25 ppb
(Figure 3). As expected from the result of the MOPITT profile assimilation, the MOPITT-DA-EAKF and the
MOPITT-DA-BNRH biases against MOPITT XCO are similar. This suggests good agreement between the two
algorithms overall.
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Figure 4. Differences in XCO Root mean square errors against MOPITT. It shows the difference between MOPITT-DA-
EAKF and MOPITT-DA-BNRH. A negative value indicates an improvement with reduced errors.
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Figure 5. Relative bias (%) of the monthly mean (May 2018) carbon monoxide across the global network of surface in-situ
flask measurements. Title of each panel also indicates the root mean square errors and the Pearson correlation coefficient r.
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Table 1
Summary Statistics (RMSE) for the Comparison With Independent Set of Observations
Observations Control-DA MOPITT-DA-EAKF MOPITT-DA-BNRH
Surface in-situ (39 stations) 16.8 8.6 7.7
ATom Pacific Ocean (N = 14,954) 16.05 13.46 13.17
ATom Atlantic Ocean (N = 14,605) 16.03 15.09 14.83
NDACC wVMR (N = 143) 21.0 13.0 11.8
Note. The unit of the RMSE is ppb.
Figure 4 displays the impact of BNRH assimilation with respect to the EAKF. It shows the differences in the Root
Mean Square Errors (RMSE) against MOPITT XCO, which remains small overall, indicative of similar DA
performances. The impact of the assimilation algorithm improves the agreement with MOPITT in East-Asia,
around the North China Plain where the CO values were increased at the surface. We will further evaluate the CO
with independent data sets in the next sections.
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Figure 6. ATom-4 carbon monoxide observations (Panels a and b) and assimilation results (other panels) for each ocean
basins. The data is bin averaged on a 100 hPa pressure by 10° latitude grid. Global Root Mean Square Errors are indicated for
the assimilation results.
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Figure 7. Simulated versus observed carbon monoxide wVMR (143 observations across 12 Network for the detection of
atmospheric composition change sites) for (a) Control-DA, (b) MOPITT-DA-EAKEF, (c) MOPITT-DA-BNRH. The Root
Mean Square Errors and the Pearson correlation coefficient are also indicated for each assimilation experiment.

4.3. NOAA Global Network of Surface Observations

Figure 5 displays the relative bias at remote surface observation stations for the month of May 2018. The bias
pattern is similar to the previous MOPITT XCO comparison, with a CO underestimation of more than 20% in the
high latitudes and between 0% and 20% in the rest of the northern hemisphere. Lowest biases are found in the
tropics while the high latitudes of the southern hemisphere are overestimated, relative to low CO values. The
increase in CO following DA of MOPITT is in good agreement with the surface observations, but does not
eliminate the bias over the highest latitudes. This could be simply due to the limited assimilation spinup period
since CO assimilation started just a week before the study period, which gave insufficient time to constrain
transported CO in this region. The MOPITT-DA-BNRH show a RMSE reduced by around a ppb on average
(table 1).

4.4. ATom-4

The ATom-4 observations and simulations averaged over 100 hPa pressure by 10° latitude grid are shown in
Figure 6. The assimilation of MOPITT improves CO for both ocean basins and reduces the average biases by up to
20 ppb and the global RMSE by around 30%. Overall the differences in the southern hemisphere are much smaller
and the assimilation corrects in the right direction, reducing the small overestimation. In the tropics, there are
relatively large additional CO enhancements from African and South American fires. Higher observed CO, by up
to 30 ppb, is transported in the upper troposphere in the southern hemisphere of the Atlantic Ocean, but not over
the Pacific ocean. Despite the challenge of modeling such instantaneous cross section observations, the Control-
Run simulation reproduces the shape of the profile with a CO maximum at 300 hPa over the Atlantic Ocean. The
MOPITT DA reduces CO in those regions leading to a reduced CO outflow in the upper troposphere for both
oceans.

ATom sampled fire plumes at lower altitudes, mostly in the free troposphere in the northern hemisphere. The
outflow from Africa sampled in the Northern hemisphere Atlantic is confine to a smaller vertical and horizontal
extent than the Control-Run suggests. The MOPITT assimilation reduces CO in the upper troposphere, effectively
reducing the bias while not completely capturing the strength of the gradients. The CO tagged tracers from fire
source, suggest a large contribution from Asian fires, mainly from Russia. There are small differences between the
BNRH and the EAKF algorithms overall, but with the BNRH being consistently better (Table 1).
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Figure 8. Differences between the posterior and prior emissions flux for May 2018. The top panels (a, b) show the
anthropogenic and the bottom panel the fire sources of carbon monoxide.

4.5. Evaluation With NDACC

Figure 7 shows the evaluation of the simulated CO columns (WVMR). As for previous observation data sets, the
MOPITT assimilation improves CO by reducing the underestimation in the southern hemisphere, where column
observations are in the 50-75 ppb range, and increasing CO in the northern hemisphere. Some of the higher CO
observations in the northern hemisphere are underestimated which causes the RMSE to remain higher than
10 ppb. This might be due to the short assimilation period compared to the CO lifetime during the boreal spring
and would probably be mitigated more with a longer run. The MOPITT-DA-BNRH RMSE is 11.8 ppb while the
MOPITT-DA-EAKEF is 13 ppb (Table 1).

4.6. Posterior Emissions

Figure 8 shows the emission increments for the MOPITT-DA-EAKF and the MOPITT-DA-BNRH experiments.
The assimilations indicate that CAMS-GLOB-ANT_v5.3 underestimates anthropogenic CO emissions in China,
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Figure 9. Differences in XCO root mean square errors against MOPITT. Panel (a) shows the difference between CAM-chem-
REF and CAM-chem-post-EAKF and panel (b) show the difference between CAM-chem-post-BNRH and CAM-chem-post-
EAKF. A negative value indicates an improvement with reduced errors.

central Europe, the eastern USA, and the northern portion of the middle east and the Rio de la Plata region. Lower
CO emissions are found in Nigeria, Eastern Africa, India, southeast Asia and the state of Sdo Paulo in Brazil. The
FINNZ2.5 are overestimated in the tropics, especially central Africa as well as central America and Indonesia.
Positive increments are found in most of Russia and Australia. Differences between the assimilation algorithm
revealed different spatial patterns. The MOPITT-DA-BNRH seems to provide increments that are not as
smoothed spatially, with larger gradients. At this spatial resolution, there might be wrong attribution of fire related
CO enhancements to anthropogenic sources, in particular in regions where both sources are close to each others.

We performed additional CAM-chem simulations with the posterior emissions and evaluate the results against
MOPITT XCO (Figure 9). The impact of the simulation using the MOPITT-DA-EAKEF is large in the northern
hemisphere with a reduction in RMSE larger than 10 ppb over the continent and over the oceanic outflow. The
impact is not as important across the tropics and in the southern hemisphere. The simulation using emissions
resulting from the MOPITT-DA-BNRH experiment shows lower errors than the simulation using the MOPITT-
DA-EAKEF posterior emissions across the northern hemisphere and achieve the most improvement in China and
India with an additional 10 ppb reduction in RMSE. Since the FINN2.5 over the Congo basin are not reduced as
much in the MOPITT-DA-BNRH than for the MOPITT-DA-EAKEF estimate, the overestimation persist in the
tropics of the southern hemisphere. As discussed in earlier studies (Gaubert et al., 2023), errors in the tropics
following chemistry and transport representation are different than for the northern hemisphere and needs to be
studied further in future work.

5. Conclusions

We present the first large scale geophysical application of the QCEFF or QCEFF. For our chemistry application,
where both atmospheric mixing ratio and emission fluxes are positive quantities, we employed a BNRH
nonparametric distribution, enforcing the distribution to be satisfy this requirement. This paper presents a
comparison of the BNRH and the EAKF algorithm for MOPITT assimilation for 40 days. Overall the differences
remain fairly small, suggesting that the EAKF assumption works in most cases.

Our assessment showed that the BNRH algorithm improves CO with regards to 3 different independent data sets,
the surface in-situ observations, vertical profiles from NASA ATom-4 and from NDACC ground-based XCO
observations. The impact on derived posterior emissions are much larger than for the state assimilation, where the
magnitude of the increments is comparable to the MOPITT assimilation. Emission increments can even have a
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different sign. CAM-chem simulations with the prior, EAKF- and BNRH-based anthropogenic and fire CO
emissions showed an improved fit to MOPITT when the BNRH emissions are used. We consider the BNRH to
provide more appropriate results, by providing a distribution that respects the boundaries of the emission dis-
tributions. Further improvements can be achieved by assimilating more observational data sets such as Cross-
track Infrared Sounder (CrIS), IASI and TROPOMI, and by running at higher spatial and temporal resolution,
which will be the basis of future work.
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The MOPITT Version 9 data set is available from NASA through the Earthdata portal (https://earthdata.nasa.
gov/). CESM2.2 is a publicly released version of the Community Earth System Model that is available at (https://
www.cesm.ucar.edu/, last access: 15 March 2023). The Data Assimilation Research Testbed is open-source
software (version Manhattan; Boulder, Colorado: UCAR/NCAR/CISL/DAReS, https://doi.org/10.5065/
D6WQ0202); code and documentation are available at (https://dart.ucar.edu/, last access: 20 November 2023).
Surface in-situ CO flask observations (Pétron et al., 2019) were obtained from the obspack_co_1_GLO-
BALVIEWplus_v2.0_2021-12-08 (Schuldt et al., 2021). The ATom data set is available on the Oak Ridge
National Laboratory Distributed Active Archive Center (McKain & Sweeney, 2021; Wofsy et al., 2021).
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