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(Annika Vogel et al.)

We thank the reviewer for his comments on the manuscript. We provide point-by-point replies
(blue) to the reviewers comments (black) below.

As a general reply, we fully agree that detailed evaluation and validation is required to investigate
the overall improvements (and degradations) of this new approach.
However, we believe that this is beyond the objective and out of the scope of this study. This work
focuses on the development steps from theoretical derivations to the implementation, which already
includes lots of novel content on the theory. Therefore, we decided to provide only an exemplary
demonstration of how such a setup might impact the actual analysis (increments).
Longer, more comprehensive evaluation of multiple case studies and comparison with independent
information like satellite retrievals will be performed in future as a follow-up study, and produced
as routine operational evaluation documentation.
This was mentioned at some locations in the manuscript (e.g. introduction of Sec. 4 and discussion
in Sec.5), however we understand that we did not make this clear enough in the general parts of the
manuscript. We decided to reformulate the title to stress the focus on theoretical work on parametric
uncertainty forecasts, it now reads:

e “Formulation of parametric uncertainty forecasts towards operational wildfire smoke

assimilation”

We also revised the abstract, introduction (Sec.2) and conclusions (Sec.5) accordingly and checked
with rest of the document for consistency. The most important changes now read:

¢ [abstract, new 1.2-6]: “This study exploits parametric uncertainty forecasts (PUF) as a
computationally efficient alternative to existing ensemble approaches, where the dynamics
of error parameters (such as error standard deviations) are explicitly evolved numerically at
a fraction of the cost of ensemble-based methods. It focuses on (1) the theoretical derivation
of forecast dynamics tailored to near-surface air quality applications with uncertain
emissions, and (2) the implementation of PM2.5 forecast error standard deviation into the
Canadian air quality model GEM-MACH.”

® [abstract, new L.11-12]: “For illustration purposes, the presented formulation is used for
assimilation of surface PM2.5 in an exemplary wildfire case study in eastern Canada in July
2023.

e [abstract, new L.17-18]: “The presented work leads the way towards efficient operational
assimilation for wildfire smoke and other uncertain air quality events using a parametric
Kalman Filter (PKF).”

¢ [introduction, new 1.85-88]: “This parametric approach has been developed for Kalman
filter-based data assimilation, where the so-called Parametric Kalman Filter (PKF)
includes the equations for the change of the error parameters during the analysis and
forecast step. The PKF forecast step is provided by a parametric uncertainty forecast (PUF)
whose explicit derivation of prognostic equations of error parameters provides unique
insights into the specific forecast error dynamics in the system.

¢ [introduction, new 1.108-109]: “For illustration purposes, the formulation is used in Sec. 4
for assimilation of surface PM2.5 in an exemplary wildfire case study in eastern Canada in
July 2023.”

® [conclusions, new 1.485]: “This study provides a simple parametric uncertainty forecast
(PUF) specifically tailored to ...”

® [conclusions, new 1.491-493]: “This study focuses on (1) the theoretical derivation and
investigation of forecast dynamics specific to the requirements of near-surface air quality
applications under uncertain emissions, and (2) the setup and implementation of PM2.5
forecast error standard deviation into the GEM-MACH modeling system.”



General comments:

This study presents a simple parametric Kalman Filter (PKF) specifically tailored to the
requirements of operational air quality data data assimilation under highly uncertain emission like
wildfire smoke events. The study focuses on the forecast step of the PKF by evolving error standard
deviations in the Canadian operational air quality model GEM-MACH. The results of a case study
during a wildfire episode in July 2023 in eastern Canada show the simple PKF can significantly
impact the hourly PM2.5 analysis increments compared to the operational setup. The differences
can be related to the ability of the simple PKEF to attribute large analysis increments to highly
uncertain areas like wildfire plumes far away from observation locations. However, the study is
limited to only one case study of one day.

We identified one main aspect from this general comment:

only one case study:

This point refers to the general reply (see beginning for a detailed answer). We agree that sufficient
investigation for operational purposes requires more than the one cases study included here, which
was also mentioned by RC1 (last point of general comment). Since this study already includes a lot
of novel content, we decided to perform a detailed verification and application to more cases in a
separate study (mentioned in old 1.539f). In this study, we intend to focus on the development steps
from theoretical derivations to the implementation, and therefor only provide an exemplary
demonstration of how such a setup might impact the actual analysis (increments). Please see our
general reply in the beginning for adjustments in the manuscript to make this more clear.

Major comments:

1. How much uncertainty is the used wildfire emissions from CFFEPS for the case study? Is it
consistent with the estimated uncertainty proposed with the linear relation between
emissions and concentrations in section 3.37?

We presume that the reviewers question points into validating the emission uncertainty estimate
used in this study. This is particularly hard to validate because it is limited by the combination of
two factors: the principal limitation of validating uncertainties, and that emissions can only be
validated indirectly by inverse constraint from observed concentrations.

It is very difficult to quantify wildfire emissions and is a topic of active research. Emission
estimates can have large variability due to differences in methods (top-down/bottom-up) and
various assumptions on fuel type, fuel loading, fire behavior and process-complexity on if weather
interactions are considered. CFFEPS (and its global sibling, GFFEPS) is a process-oriented
bottom-up emissions model and the emission quantities are comparable with many other wildfire
emissions modellings systems (Andreson et al., 2025) and part of larger ensemble fire emissions
product (Li et al., 2026).

Li, Y., Tong, D., Sun, Z. et al. Global Ensemble Fire Emission Product Version 1.0 (EnsemFire V1.0). Sci Data 13, 117 (2026).
https://doi.org/10.1038/s41597-025-06429-z

Anderson, K., Chen, J., Englefield, P., Griffin, D., Makar, P. A., and Thompson, D.: The Global Forest Fire Emissions Prediction System
version 1.0, Geosci. Model Dev., 17, 7713-7749, https://doi.org/10.5194/gmd-17-7713-2024, 2024.

As described in the manuscript, the linear approach is based (1) on the current operational system
and (2) to ensure consistency to concentration uncertainties (in initial and boundary conditions,


https://doi.org/10.1038/s41597-025-06429-z

“emission-to-concentration consistency”). We are aware that his is a rather simple assumption, but
in alignment with the overall purpose of this study, which only intends to provide a first guess. Prior
studies like (e.g. Griffin et al., 2020) will provide a valuable basis for these process-based emission
uncertainty estimates. The detailed validation which is planned as next step (compare general reply
above) is expected to provide some insights on this. In fact, the importance of emission
uncertainties for the forecast potentially enables objective constraint by assimilation in future. We
extended the related paragraph in the conclusions (also in accordance to RC1’s general comment

A):

[Sec.5 discussion, new 1.510-521]: “In this study, correlated error variances of point
emissions w.r.t. concentration errors are assumed to be proportional to local state emissions.
Although this proportionality is consistent with the definitions of initial and boundary
conditions (emission-concentration consistency), it is a highly simplified assumption of
emission error behavior. This joint quantity consists of the emission error standard deviation
and its correlation to the current concentration error which are both difficult to estimate and
can be expected to have complex spatio-temporal patterns, particularly for strong case-
dependent wildfire emissions. Ideally, each component would be individually estimated from
detailed analysis studies which are beyond the scope if this work. Concerning the emission
error, each preparation step including detection, quantification and vertical distribution of
emissions due to plume rise may have itself complex error sources that would need to be
considered. It is demonstrated in Apx. (A6.2) that the emission-concentration correlation is
closely related to the temporal correlation of emission errors and potentially also to other
dynamical processes modifying the error field, whose estimates are still to be investigated in
future. Available studies on aerosol layer and plume height comparisons (Griffin et al.,
2020) will provide a valuable basis for more sophisticated process-based emission
uncertainty estimates.”

[Sec.5 outlook, new 1.565-567]: “Concerning the forecast of error standard deviation of
PM2.5, there are multiple potential improvements. These include for example improved
formulations of error parameters like vertical error correlations and emission errors,
including their correlation to concentration errors [...]”

. It is better to firstly give a figure shown the wildfire emissions for the studied case. Where

and when the wirdfire hoppen during the studied case?

The forecast concentration Plots in Fig.2 have been updated and are now including wildfire
locations represented as surface CO emission rates.
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e “Figure 2: Modeled surface PM2.5 concentration forecast on June 06, 2023 (blue color
code) with wildfire fire locations represented as surface CO emission rates (orange color
code) during case study period (hours in UTC).”

3. It is sugguested to add the meteorological fields in Figure 2 to see how the emitted PM2.5
from the wirdfire are transported.

Meteorological fields (temperature and winds) at 12UTC have been added in the Appendix.
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e “Figure C1. Modeled meteorological conditions June 06, 2023 12 UTC: surface temperature
in degree Celsius (left, blue-red color code) and near surface wind speed and direction
(right, wind barbs) with wildfire fire locations represented as surface CO emission rates
(orange color code in Fig.2).”

4. In section 4.3, it is recommended to quantitative evaluation of the analysis increments with
assimilated observations of the two experiments to see whether the PKF is superior to the
operional one.

This point is closely related to the general reply above. We fully agree that this is quantitative
evaluation is important. However, it is beyond the objective and out of the scope of this study.
Please see our general reply in the beginning for a detailed explanation and adjustments.

5. In section 4.3, the analysis increments like wildfire plumes far away from observation
locations could be evaluated with satellite observed optical properties.

Since this study focuses on surface PM2.5, validation with satellite-based observations is
challenging because of their limited sensitivity close to the surface. For optical properties like AOD,
the analysis would need to include the elevated layers which is not available in the current
operational system and therefore not considered in this study. We formulated this more clearly in the
manuscript, also in accordance to aspect B) of RC1’s general comment (see also related reply for
more details):



* [Sec.3.1 current modeling system, new 1.285-287]: “The setup of the new parametric error
forecast presented in this study is compared to the operational setup for air quality analysis
at ECCC. Currently, an hourly surface analysis is performed for selected species including
PM_2.5, which also restricts the analysis and comparison of this study to the surface layer. “

® [Sec.4.1 case study description and model setup, new 1.410]: “Note that the OAv2 suite
only performs hourly surface analyses, with no feedback back into the next forecast.”

¢ [discussion, new 1.558-561]: “The general technical implementation of a full assimilation
cycling in GEM-MACH is currently a development priority for research as well as
operational purposes. In this context, extension of the surface analysis scheme to the full 3D
space is required which will also enable comprehensive evaluation of elevated plumes with
satellite-based observations.”



