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across the globe out of all schemes. Our scheme’s dust highly correlates with MIDAS dust over the Sahara
and the Middle East (R ~ 0.5-0.8). Correlations over the Australian sites in our scheme are also the highest
among all schemes (R ~ 0.3-0.5), even though our scheme generates similar orders of magnitude of
emissions across different parts of Australia (in Fig. 2¢). One issue is the correlation over a Mongolian
site to the north of the Gobi is about zero (the weakened correlation also occurs in the K14 simulation in
Fig. 7b). As discussed in the previous paragraph, this is likely a result of our scheme’s inability to generate
high dust emissions from the Taklamakan than the Gobi, such that the DAOD signal over the Mongolian
site is contaminated by the dust from other sources. Meanwhile, Z03 with high Taklamakan emissions and
low Gobi emissions yields a high R of ~ 0.6 over the Mongolian site.

Figure 7. AERONET-SDA coarse mode AOD daily correlations for 2004—2008 over selected sites with
CESM DAOD using (a) Z03, (b) K14, and (c) our study. (d) MIDAS DAOD versus AERONET-SDA
AQOD daily correlation. The values at the bottom of the panels represent the mean correlation across all
AERONET stations.

As discussed above, our scheme’s dust not only matches well with external dust datasets but also
correlates better with meteorological drivers in day-to-day variability than Z03 and K14 (in Figs. S10 and
S11), for a number of reasons. First, implementating more aeolian physics (Sect. 3) allows our scheme to
better couple with the simulated boundary-layer dynamics, vegetation dynamics, and the water cycle in
CESM2. For example, our scheme’s emission strongly covariates with u,, (Fig. S10g) since the
emission’s dependence on u,, is not only in the K14 dust emission equation (Eq. 5) but also in the C19
intermittency scheme (Sect. 3.4), resulting in an enhanced sensitivity of emissions to the winds. Another
example is that our emission’s dependence on VAI is not only in the bare land fraction term (Eq. 4) but
also in the vegetation drag partitioning (Eq. 9), enhancing the dust correlation with VAI (Fig. S10h and
Fig. S11h). The second reason is because the use of u,;; in the dust emission equation increases the
likelihood of emission F; > 0 in the F; time series. Z03 and K14 employing u, s, have a lot of times with

emission F; = 0 in the time series, weakening their emissions’ temporal variability and thus the
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covariation with u,,. With more pronounced temporal fluctuations, our scheme’s F; is further sensitive
to the variability of u,s and correlates better with other driving variables than Z03 and K14. Thus, dust
emission schemes using u,;; will generate emissions that correlate better with the day-to-day variability
of u,s than schemes using u, .. Third, the implemented aeolian processes allow more coupling between

the driving fields such as boundary-layer meteorology and vegetation dynamics. For instance, as VAI
regulates u, through the vegetation drag partition effect, u,, carries both the temporal variability of u,
and VAL u, thus almost dictates the temporal behavior of the our scheme’s emission time series
analogous to the concept of dimensionality reduction (R ~ 1 in the Sahara; Fig. S10g). Figures S10 and
S11 show that our scheme’s emission and DAOD are very sensitive to the day-to-day variability of
meteorological and land surface variables, which means our scheme is likely also more sensitive to climate
change and land use and land cover change (LULCC) in longer-term simulations.

5.4 Comparisons against other measurements of the dust cycle

We use more datasets of different dust cycle variables from other independent sources to evaluate
our CESM2 dust cycle simulations regarding spatial variability. Figure 8 compares the simulated dust
PM o concentrations (background colors) using various schemes versus observed dust PM from multiple
stations (overlaid dots). Z03 has some strong overestimations compared with the measurements over the
downwind regions of dust sources (dark red in the bottom panel of Fig. 8a), such as over Japan, southern
Australia, and South Africa. Dust concentrations over the source regions are very high (e.g., the
Taklamakan desert and the Australian desert in the top panel of Fig. 8a), due to the very localized and
high Z03 emissions over the source regions (Fig. 2a). Our scheme in Fig. 8c reduces the exaggerations of
dust strength in Z03 over Asia, Australia, and other secondary sources, mitigating the overestimations of
dust PM as shown in the bottom panel of Fig. 8c compared to Fig. 8a. Our scheme mainly overestimates
dust PM over the Sahara, which is commonly shared by Z03 and K14 and consistent with the previous
discussion on regional DAOD (Zhao et al., 2022). Due to in the insufficient emissions over the
Taklamakan, our scheme produces ~60 ug m™ of dust PM there, smaller than the ~100 g m~ reported by
other observational studies (e.g., van Donkelaar et al., 2016; Leung et al., 2018; van Donkelaar et al.,
2021). Our scheme produces higher dust PM than K14 (Fig. 8b) over arid and semiarid regions, including
the Gobi, the United States, and Patagonia. Compared with Z03’s spatial correlation of R = 0.80 (in the
logio space), our scheme yields a slight increase in the spatial correlation of R = 0.90. Overall, dust PM
concentrations tend to be underestimated over the downwind regions (e.g., the Pacific and the Atlantic).
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Figure 8. CESM2 dust PM concentration (in ug m™) vs. climatological in-situ PMo measurements (Sect.
4.4) for (a) Z03, (b) K14, and (c) our study. In the bottom panels, sites are labeled over different continents
/ oceans with different symbols and colors.

Figure 9 shows the dust deposition evaluation for all schemes. All schemes show that most
deposition fluxes are concentrated over the source regions. Over remote areas (e.g., the central Pacific
Ocean and the Southern Ocean), simulated deposition fluxes are small with an order of magnitude of ~10
* kg m? yr'! or smaller (white color), whereas many measurements over those remote locations have an
order of magnitude of 10 kg m? yr'! (light blue). It shows that the deposition schemes in CAM6 are
problematic in that dust typically deposits too quickly; switching between dust emission schemes does not
address nor mitigate the issue. Generally, the spatial patterns of dust depositions follow those of the DAOD
(comparing Fig. 3 with Fig. 9). Our scheme has a higher correlation of R =0.65 (in the log space) compared
with R = 0.49 by Z03, but K14 has an even slightly higher R = 0.69. There is some underestimation of
dust deposition over the downwind regions of Asia (e.g., the extratropical Pacific), likely due to the
underestimated Asian dust in K14 and our scheme (but not in Z03 because of its abundant Asian dust).
There is also some overestimation of dust deposition over the downwind regions of the Sahara (e.g., the
equatorial Atlantic), which could be due to several possible reasons. There could be an overestimation of
dry deposition due to an incomplete representation of deposition processes (e.g., Huang et al., 2021; Klose
et al., 2021; Li et al., 2022; Meng et al., 2022). In particular, the dry deposition scheme in CAM6 (Zhang
et al., 2001) was found to particularly overestimate dry deposition of fine dust (Li et al., 2022). In addition,
previous studies indicated a possible overestimated tropical wet scavenging of dust, (e.g., Albani et al.,
2014; van der Does et al., 2020). Fig. S12 shows the fraction of wet dust deposition flux to the total dust
deposition flux from CESM2 using our scheme.

25



1010

1015

1020

1025

1030

1035

a) Zender et al. (2003) b) Kok et al. (2014) c) Our new scheme kg m2yr-1

1
0.1
0.01
0.001
1e-04
o [Rllogspace) = 049 - < —_ |R(logspace) = 069, ,* = |R(log space) = 065, .°
2o |RMSE (I =1.20,7 20 < 7 20 | Lz 7
83 1 (log spac‘e':) 4183 - RMSE (log Spaf?) 0£</ 489 RMSE (log spa(ig)— 1.0 w
;S | ,.»" ></,/ ;3 /."@ b /, ;': V X //
= o , 4 = . = Iy s 5
2 o < = L . 2o = 3 - a5 2 o = Asia
87 A * 4 < - e 37 1K AN N America/Arctic
g |-, . g ANY w AR - Middle East
2 % ) b B 7 v Europe
B 1,7 %K & B 3 7k PR + Atlantic
3 L7 A VAR = 3 s AV * Pacific
‘a_’ T 2 T — T T 2 T T T T T 3 T -z T "'I T T 2 IS\f;{ca .
® S America
1e-05 1e-03 1e-01 1e-05 1e-03 1e-01 1e-05 19-03‘ ) 1e-01
CESM dust deposition (kg/m2/yr) CESM dust deposition (kg/m2/yr) CESM dust deposition (kg/m2/yr)

Figure 9. CESM2 dust total (dry + wet) deposition (in kg m™ yr!) vs. climatological in-situ deposition
measurements for (a) Z03, (b) K14, and (c) our study. In the bottom panels, sites are labeled over different
continents / oceans with different symbols and colors.

5.5 Separating the contributions of drag partition and intermittency to our new scheme

In this subsection, we briefly discuss a sensitivity experiment to separate the contributions of the
hybrid drag partition scheme and the intermittency scheme to the improvements in dust cycle simulations
produced by our new Leung et al. (2023) scheme. We performed the sensitivity experiment by turning off
the Comola et al. (2019) intermittency scheme (experiment A using Sect. 3.1-3.3) to examine the effect
of drag partitioning, and by turning off the hybrid drag partition scheme (experiment B using Sect. 3.1—
3.2 and 3.4) to examine the effect of intermittency, respectively, on the resulting CESM2 dust cycle
simulations. Here we focus on discussing the spatiotemporal variability of the simulated dust emission
and DAOD.

Fig. 10 shows the main results of the sensitivity test. The left column shows experiment A with
the effects of drag partitioning, and the right column shows experiment B with the intermittency effect.
For expt. A, the maps of dust emission F,; (Fig. 10a) and DAOD (Fig. 10c) show similar spatial patterns
to those from our Leung et al. (2023) scheme (Figs. 2¢ and 3c). This means that the drag partition factor
Ferr dominates the spatial variability of our new scheme. It highlights the erodible regions across the
globe and acts as a filter that shapes the spatial variability of u,s and Fy. F, s shift dust sources to more
correct locations, such as the Bodélé Depression and El Djouf in the Sahara because of the use of the
satellite-derived roughness map. For expt. B, which represents the intermittency effect, Fig. 10b shows
substantially more emission fluxes from semiarid regions than in Fig. 10a due to the use of u,;;, which
reduces the dust overestimations over hyperarid regions as previously discussed in Zhao et al. (2022). The
F; pattern in Fig. 10b is different from our scheme’s F; map in Fig. 2¢, which means that Comola’s
intermittency scheme is sensitive to u,s. The spatial variability of F,rr will change that of u,s, which
subsequently changes the spatial variability of intermittency 1 (Eq. 11¢) and F; (Eq. 11b). Therefore, 1 is
controlled by F, s and the two variables share very similar spatial variability as shown in Fig. 1a-b. The
DAOD pattern (Fig. 10d) also appear different from our scheme’s DAOD in Fig. 3¢c. There is more dust
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in various semiarid regions, and without using F, ¢ the moderately high DAOD peaks are not constrained
to the most erodible regions, such as El Djouf in Mauritania. Fig. 10e—f shows the daily DAOD correlation
with MIDAS DAOD, which indicate that both drag partitioning and intermittency overall yield similar
levels of correlations with MIDAS dust.

Overall, the sensitivity experiment shows that the drag partition scheme F, ¢ dictates the spatial
variability of our new scheme’s dust. The drag partition scheme more correctly simulates the spatial
pattern of dust emissions in major source regions, while the intermittency scheme more correctly simulate
the balance between dust from major sources and marginal sources. For the intermittency scheme, the use
of u,;; enhances dust levels over semiarid regions, while 7 is in general sensitive to u,, and the emission
thresholds. Both the temporal variability of F,rr and the intermittency contributes to the temporal

variability of our scheme’s dust to similar degrees.

Drag partition scheme only Intermittency scheme only kg m2 yr-t
1

0.001

Dust emission

1e-04

0.6
0.5
0.4
0.3
0.2
0.1
0.0

Dust AOD

DAOD correlation
with MIDAS

Figure 10. Separating the contributions of the hybrid drag partition scheme (left) and the Comola et al.
(2019) intermittency scheme (right) to our dust emission scheme (Leung et al., 2023). The rows represent
simulated (a, b) dust emission, (c, d) dust aerosol optical depth (DAOD) with global means of 0.03, and
(e, f) daily DAOD correlation with MIDAS DAOD from Gkikas et al. (2021).

5.6 Effects of employing a scale-aware adjustment to correct dust emission
In this subsection, we discuss the effects of using an empirical correction map (K,) to scale our

scheme’s dust emissions simulated in the native 0.9°%1.25° resolution to be consistent with 0.47°x0.62°
emissions of our scheme (Sect. 3.5) on the simulated dust cycle in CAM6. We focus on the changes in the
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DAOQOD spatial variability; changes in other dust cycle variables are shown in Fig. S13. Figure 11a shows
the global DAOD of our scheme after correction, which is not visibly very distinct from the uncorrected
DAOD in Fig. 3c. Figure 11b shows the ratio between the corrected DAOD and the uncorrected DAOD,
both normalized to the same global mean, to better visualize their spatial variability discrepancies. It is
worth comparing the map of DAOD discrepancies (Fig. 11b) to the map of emission discrepancies (Fig.
Ic). The more prominent sources, e.g., the Sahara, have suppressed DAOD compared to other dusty
regions (K, ~ 0.8-0.9; light blue in Fig. 11b). This is because, as discussed in Fig. 1c, high-resolution
simulations produce more emissions from semiarid regions than low-resolution simulations but produce
similar emission levels from primary sources as low-resolution simulations, leading to a relative
suppression of dust over primary sources upon scaling to the same global mean DAOD. Many secondary
dust sources have relatively enhanced dust levels, most noticeably the two American regions (K, ~ 1.2—
1.8), but the absolute increases in DAOD are modest as the baseline DAOD levels over there are low. The
Taklamakan/Gobi region also has a moderate rise in DAOD (K, ~ 1.3).

Since the high-resolution simulations generally pick up more emissions over semiarid regions, K,
tends to reduce the DAOD regional biases seen in Fig. 4 by enhancing the underestimated DAOD over
semiarid regions and suppressing the overestimated DAOD over major sources. Comparing against the
Ridley et al. (2016) regional DAOD (Fig. 11c-d), northern Africa has reduced DAOD and southern
hemispheric regions have increased DAOD, hence slightly enhancing R? slightly from 0.82 to 0.84 and
annual RMSE to drop from 0.053 to 0.048. Annual RMA regression slope modestly changes from 0.92
(in Fig. 4c) to 0.94. This shows that K, helps reduce the biases of annual and regional mean DAOD
predictions. However, since the errors mainly originate from seasonal biases, the improvements of using
an annual K. map are relatively modest. For instance, in Fig. 11d, the significantly underestimated MAM
DAOD (in red) in Asia and the Middle East are still not resolved by using the annual K,. Using a seasonal
or monthly K, would more effectively reduce seasonal DAOD biases.

Although the correction map modestly improves the regional variability of DAOD, it does not
necessarily produce improvements in comparisons against site-level dust observations. Figure 1le
compares AERONET-SDA coarse mode AOD with the corrected DAOD of our scheme. Although the
scatterplot has an increased RMA slope from 0.97 (in Fig. 5h) to 0.99, the R? value drops from 0.71 to
0.65 and the RMSE increases from 0.077 to 0.088. This is mainly due to the small DAOD
underestimations over major sources like Mali/Niger and Bodélé/Sudan (see the “x” points). Our rescaled
simulation has a reduced Mali/Niger DAOD that better matches Ridley’s regional DAOD; however, it
loses its local DAOD peaks and matches less well against AERONET-SDA AOD. There are also DAOD
overestimations over the southern Middle East. This evaluation likely has a bias in geographical location
because the errors are mainly from major sources; if more selected AERONET stations were in the
Taklamakan/Gobi and the U.S., this evaluation against AERONET would possibly show better results
because our rescaling reduces the DAOD underestimations over those regions. Overall, this evaluation
shows that despite the better performance in capturing the regional DAOD variability using K., it does
not necessarily guarantee a better performance in the grid-scale or site-scale spatial DAOD variability.

Finally, Fig. 11f shows that the annual K, has few effects on the temporal variability of DAOD
simulations, which depicts the correlation map differences AR between our scheme’s rescaled DAOD
versus MIDAS DAOD (Riorrectea) and our scheme’s uncorrected DAOD versus MIDAS DAOD
(Runcorrectea from Fig. 6¢). AR values are statistically insignificant across the globe (Sect. S1). It is
reasonable that K, changes little our scheme’s DAOD temporal variability because K. is a time-invariant
map here that is meant to only change the spatial variability of the simulated dust.
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Figure 11. Effects of using the scaling map K, to correct the 0.9°x1.25° CLMS5 dust emissions on the
CAMG6 dust cycle. (a) DAOD spatial pattern simulated by our scheme after the global dust emission pattern
is corrected by K,. (b) Corrected DAOD (Fig. 11a) divided by the uncorrected DAOD (Fig. 3c). Both
DAOD maps are rescaled to have the same global mean to emphasize their difference in spatial variability.
(c, d) Corrected DAOD versus Ridley regional DAOD (c) annually and (d) seasonally. (e) Corrected
DAOD versus AERONET-SDA coarse mode AOD. (f) Changes in correlation maps (AR) between
corrected DAOD vs. MIDAS DAOD and uncorrected DAOD vs. MIDAS DAOD.

6. Discussion and Conclusions

This study has evaluated the new formulation of the dust emission scheme proposed in Leung et
al. (2023) against measurements and compared its performance against existing emission schemes in
CESM2. The major modifications implemented into CESM2 are the following: 1) updating the soil
median particle diameter (as an input parameter to the dust emission threshold calculation) from 75 um
as proposed by Zender et al., (2003a) to 127 um; 2) including a parameterization for the drag partition
effect that accounts for the impact of not only rocks but also green and brown vegetation on reducing the
wind stress available for soil erosion; 3) implementing the intermittent dust emission parameterization by
Comola et al. (2019) that accounts for the effects of boundary-layer turbulence on dust emissions, and 4)
rescaling the CESM2-native resolution dust emissions toward high-resolution emissions. Following
Leung et al. (2023), these modifications are 5) implemented on a newer dust emission parameterization
of Kok et al. (2014b; K14) instead of the default Zender et al. (2003a, b; Z03) scheme in CLMS5, although
the modifications 14 can also be implemented on top of Z03 or any other emission scheme. The major
advances of Leung et al. (2023) are mainly that the drag partition effect successfully moves emissions
toward important dust sources (e.g., the Bodélé Depression and El Djouf) and thus generates a more
realistic spatial distribution of dust than Z03 or K14. Also, the intermittency scheme generates more
emissions from semiarid regions and even high-latitude regions, in agreement with observations.
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Our new scheme showed improvements over previous schemes (Z03 and K14) in terms of both
the spatial and temporal variability of dust cycle variables. For instance, our scheme showed improved
agreement against the annual and seasonal regional DAOD quantified by Ridley et al. (2016). Indeed, our
scheme’s annual regional DAOD had an R? of 0.82 and RMSE of 0.053, compared to Z03’s R? of 0.44
and RMSE of 0.080. Evaluating against the AERONET-SDA coarse mode AOD, our scheme’s DAOD
yielded an R? of 0.71 and RMSE of 0.077 compared to Z03’s R? of 0.36 and RMSE of 0.15. Our scheme
also generated improved spatial distributions of dust PMio concentrations and depositions against site
measurements of PMo and deposition fluxes than Z03 (Figs. 8 and 9). For day-to-day temporal variability,
our scheme’s DAOD also matched the MIDAS DAOD better over most of the Dust Belt than Z03 DAOD
(Fig. 6e), with larger correlations of on average AR ~ 0.15 (p-value <0.05; Sect. S1). Our scheme’s DAOD
also showed high daily correlation values (with a mean of 0.45) against AERONET-SDA daily AOD time
series (Fig. 7). However, our scheme’s DAOD generally showed worse performance in representing the
day-to-day dust variability over East Asia (Fig. 6e and Fig. 7c), likely because of the significant low bias
of dust (DAOD ~ 0.1) over the Taklamakan Desert such that dust over East Asia was dominated by other
transboundary dust signals instead of dust from the Taklamakan. Generally, our scheme better represented
the spatial variability of Ridley’s regional DAOD, the site-level AERONET DAOD, the site-level dust
PM, as well as the day-to-day temporal variability of MIDAS DAOD than the default Z03 scheme. Our
scheme’s dust also shows better correlations with driving meteorological and land surface variables (e.g.,
U,s, VAL w; Figs. S10 and S11), and is thus likely more sensitive to climate change and LULCC than
other emission schemes’ dust. Since the more physically based Leung et al. (2023) scheme showed
improvements in the model—observation comparison (Sect. 5), the developments in Leung et al. (2023)
will be introduced into a future CLM (and CESM) version for the benefit and use of the dust community
and the CESM community.

Regardless of which dust emission scheme is used, Fig. 4 shows that CESM2 tends to overestimate
DAOD over major sources (e.g., the Sahara) and underestimate DAOD over marginal source regions (e.g.,
SH sources) and downwind regions (e.g., oceans). This result is consistent with previous findings across
multiple ESMs (Zhao et al., 2022), likely due to the insufficient dust emissions coming from the semiarid
regions. Theoretically, employing the intermittency scheme helps generate more emissions from semiarid
regions, thereby reducing the DAOD biases and increasing the RMA slopes toward one. Our scheme did
yield RMA slopes that most closely match the 1:1 line among all emission schemes (annual RMA slope
=0.92).

We then tested the proposed modification of rescaling dust emissions of lower resolutions toward
higher resolutions by Leung et al. (2023). We used the 0.9°x1.25° and 0.47°%0.62° simulations from
CESM2 to construct an annual correction map K, (Eq. 12) used to rescale and correct the CESM2-native
0.9°x1.25° dust emissions to the spatial variability of the finer resolution (0.47°%0.62°) emissions.
Employing the scaling map K, further reduced the CESM DAOD over hyperarid regions and enhanced
DAOD over secondary sources. Since K, is a time-invariant map, employing K, has little effects on
improving the seasonal / day-to-day variability of the CESM DAOD (Figs. 10d and f). Employing an
annual K, to dust emissions modestly improved the spatial variability of atmospheric dust but altered little
its temporal variability. This modification differs from other modifications proposed by Leung et al. (2023)
in that it does not necessarily improve the process representation of the dust scheme, but the methodology
makes the scheme more scale-aware and consistent toward high-resolution dust simulations. Our new
process-based emission scheme can still be employed in ESMs and in regionally refined models (RRMs)
with different horizontal resolutions without the use of a scale-aware adjustment.
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Although CESM2 with our updated dust emission scheme thus shows an improved spatiotemporal
pattern of DAOD, some important biases remain. Our scheme overestimates DAOD levels over the Horn
of Africa (HoA) and Australia. There are also dust underpredictions over the Taklamakan. The DAOD
hotspot over the HoA (in Fig. 3¢) is due mainly to the very high u, in MERRA-2 nudged CESM2 (> 0.5
m s in Fig. S4), resulting in a high dust emission flux of ~ 1-2 kg m yr'! (Fig. 2¢c) that is almost as high
as emissions over the Bodélé Depression. The unrealistically high emissions from the HoA produce a dust
plume extending to the Middle East (e.g., Oman), central Asia, and as far as the Thar Desert due to the
downwind transport. This problem also occurs in the default K14 and Z03 schemes (Figs. 2a-b), although
703 uses a source mask that significantly reduces the HoA emissions. As for Australia, the relatively low
soil moisture over the central and western parts of the country results in somewhat higher emissions in
western than eastern Australia. Our study therefore shows a modest annual DAOD peak of ~0.2 (Fig. 3c)
over western Australia (e.g., the Great Sandy Desert and the Gibson Desert), which is different from the
smaller eastern peak of ~0.1 in MIDAS/Aqua DAOD (Fig. 3d). In addition, CESM2 shows an annual
DAOD of only ~0.1 over the Taklamakan/Gobi region in China, which is a strong underestimation
compared with the yearly DAOD of ~0.35 from MIDAS/Aqua. This DAOD low bias occurs because
CESM2 simulates over there a low emission flux (Fig. 2c) as a result of the moderately high soil moisture
w and aeolian roughness length z,, (compared with the Sahara). Furthermore, CESM background dust
levels over downwind regions (e.g., the tropical Atlantic and the extratropical Pacific) are generally
underestimated compared with MIDAS DAOD, likely because of the strong dust depositions and short
lifetimes of dust, leading to dust preferentially depositing over the land.

Although we have attempted to improve the dust emission model in both CLMS5 and CAM6, there
are more areas of dust cycle modeling that warrant further developments. We summarize several main
issues in dust modeling that should be addressed in future versions of CESM and other ESMs to further
enhance the dust modeling performance in the land and atmospheric models:

1. Dust emission physics: There are several mechanisms that affect the dust emission threshold that
are not currently accounted for in most dust emission modules. First, soil crusts due to soil
microbes can strongly aggregate soil particles and prevent winds from eroding the soils
(Rodriguez-Caballero et al., 2018). Second, the impact of anthropogenic activities, such as
agriculture/tillage, on dust emission is not explicitly included in dust emission modules, although
new parameterizations for anthropogenic dust emissions are under development (e.g., Xia et al.,
2022). Third, apart from saltation bombardment, soil particles can enter the atmosphere through
direct aerodynamic entrainment (Klose and Shao, 2012). Models have been developed to represent
direct particle entrainment into the atmosphere (Klose and Shao, 2013; Klose et al., 2014).

2. Dust size distribution: Apart from dust emission physics, there are problems in representing the
dust aerosol size distributions in the atmosphere. Coarse and super-coarse dust particles are
substantially underestimated (Adebiyi and Kok, 2020), and recent studies are working on
implementing the coarse and super-coarse dust size bins (CAM4; Meng et al., 2022) or modes (Ke
et al., 2021; CAMY) in different versions of CAM, such that CESM2 can represent the impacts of
large dust particles on climate and ecosystem. Recent studies further found that the geometric
standard deviations (GSDs) of the accumulation and coarse modes in CAMG6 are too narrow (Wu
et al., 2020; Li et al., 2022), which subsequently adversely impacted the dust deposition, lifetime,
and size distribution of the CAM6 simulations.

3. Dust deposition: Dust deposition in ESMs is generally overestimated, and dust lifetime is
underestimated (e.g., Albani et al., 2014; van der Does et al., 2020; Huang et al., 2021) due to a
few reasons. First, recent studies found that dust particles are highly aspherical, which
subsequently alters the aerodynamic resistance of dust and slows down the dry deposition velocity
of dust (Huang et al., 2021). This finding increases the lifetime of coarser dust particles and also
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reduces the mass extinction efficiency (Huang et al., 2023). This effect of dust asphericity on dry
deposition and extinction is being implemented into climate models (e.g., Klose et al., 2021; Li et
al., 2022; Meng et al., 2022). Second, the default dry deposition scheme in CAM6 (Zhang et al.,
2001) is known to overestimate dry deposition of fine dust, and Li et al. (2022) has employed a
newer dust deposition scheme (Petroff and Zhang, 2010) to resolve the issue. Third, the modal
aerosol model (MAM) of CESM2 merges dust and other aerosols (e.g., sea salt) into the same
modes (e.g., accumulation and coarse modes) with internal mixing, such that the wet deposition of
dust is likely overestimated (e.g., the Atlantic Ocean) due to the higher hygroscopicities of other
aqueous aerosols (Neale et al., 2012). Fourth, studies reported that modeled dust depositions are
too high over the tropical oceans (Albani et al., 2014; van der Does et al., 2020).

Speciation of dust: CESM and other ESMs mostly parameterize dust as a single mineral (e.g.,
aluminum silicate; Emmons et al., 2020), which cannot adequately represent a suite of chemical
reactions, radiative effects, and cloud processes that depend on mineralogy. Recent studies have
initiated the modeling of multiple dust species (e.g., haematite, quartz, illite, feldspar, calcite) and
better represented the dust optical properties and radiative effects (Li et al., 2021, 2022; Gongalves
Ageitos et al., 2023). Emergence of satellite measurements of global soil mineralogy such as from
the Earth Surface Mineral Dust Source Investigation (EMIT; Green et al., 2020; Thompson et al.,
2020) mission under NASA will help better represent dust species from specific source regions.
Chemistry and cloud processing: Having accurate simulations of the modeled spatiotemporal
variability of dust requires dust chemistry and dust—cloud interactions in ESMs, because they are
crucial for simulating dust aging and dust removal processes. A correct mineralogical
representation of dust is essential for representing the role of dust in atmospheric chemistry and
aerosol—cloud interactions. Previous studies have documented multiple chemical reaction
pathways via which dust interacts with tracer gases and aerosols (Gaston, 2020; Adebiyi et al.,
2023; Kok et al., 2023). Dust acts as a source or sink of multiple chemical species, such as oxidants
(e.g., ozone), aerosol precursors (e.g., sulfur dioxide and nitric acid), aerosols (e.g., via
coagulation), halogens (e.g., chlorine), and more (Tang et al., 2017; Mitroo et al., 2019; Gaston,
2020). Furthermore, although many ESMs include the impacts of dust on ice cloud formation
(Storelvmo, 2017), dust seeding on warm cloud formation are quantified in only a few ESMs (e.g.,
McGraw et al., 2020) as dust is considered hydrophobic by many ESMs. Chemical dust aging is
crucial for dust to gain hygroscopicity and become effective cloud condensation nuclei (CCN). A
comprehensive mineralogical representation of dust and a more complex heterogeneous dust
chemistry are required to adequately represent the roles of dust in the formation of warm, ice, and
mixed phase clouds, as well as the effects of dust—cloud interactions on indirect radiative effects
and forcings in ESMs.

Observations for dust modeling development: The uncertainties in dust modeling are due to not
only the uncertainties in the parameterized dust processes but also the uncertainties in the input
data of these parameterized processes. The availability of observations will influence the
uncertainties of dust modeling both by entering the simulations as input datasets and by shaping
the parameterization development. For instance, Leung et al. (2023) used a global soil particle
diameter D, = 127 um (Sect. 3.2) for computing the emission thresholds since there were too few
site D,, measurements, which hindered the accuracy of the simulation of the global distributions of
emission thresholds. We also speculated in Sect. 5 that some of our simulated DAOD biases could
be due to biases in the meteorological inputs rather than the missing physics in the dust scheme.
More observations will also allow us to develop more accurate parameterizations for dust. For
instance, recent coarse dust observations (e.g., Adebiyi and Kok, 2020) justified the importance of
and quantified the necessary parameters for formulating the coarse dust modes in ESMs (e.g., Ke
et al., 2022; Meng et al., 2022). Having more observations of dust and its dependent variables is

32



1285

1290

1295

highly warranted to reduce the uncertainties of dust simulations by improving the dust schemes
and reducing the uncertainties of input dependent variables.

Finally, while many dust modeling studies focused on improving and evaluating the spatial
representation of modeled dust, the importance of evaluating the temporal variability of modeled dust is
likely undervalued in global dust modeling studies. Relatively few dust studies (e.g., Zhang et al., 2013;
Klose et al., 2021; LeGrand et al., 2023) provide evaluation of the temporal changes in dust emissions and
DAOD. This study represents one of the early attempts to conduct a global-scale evaluation of the day-to-
day variability (Figs. 6-7) of the simulated dust time series (along with studies like Klose et al., 2021).
The next step in improving dust modeling should be on enhancing the long-term (interannual or
interdecadal) variability of dust, especially since recent studies (e.g., Kok et al., 2023) found that ESM
dust trends do not reproduce the historical increasing trends of dust. It is highly warranted to investigate
how transient climate change and LULCC regulate the long-term variability of observed dust and
reproduce them in ESMs. Improving long-term ESM dust predictions will also benefit the study of the
epidemiological consequences of future dust changes on human health, risk management, and mitigation
strategies (Philip et al., 2017; Achakulwisut et al., 2019; Bauer et al., 2019; van Donkelaar et al., 2021).
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Appendix. Mathematical symbols of major variables defined in this study.

n Intermittency factor
K Fragmentation exponent
Pa Air density
Py Soil particle density
[0 Sandblasting efficiency in Zender et al. (2003) emission scheme
Og, Standard deviation of instantaneous wind fluctuations
A, Fractional rock area
A, Fractional vegetation area
a Tuning constant for threshold gravimetric soil moisture
Cq Soil erodibility coefficient
Cugp Proportionality constant in Zender et al. (2003) emission scheme
Crune Proportionality constant for Kok et al. (2014) emission scheme
D, Soil particle diameter
Fy Dust emission flux
Fa.c Simulated dust emission in coarse resolution
Fyr Simulated dust emission in fine resolution
Ferr Hybrid drag partition effect
felay Clay fraction (from 0 to 1)
ferrr Rock drag partition factor
ferfu Vegetation drag partition factor
fm Soil moisture effect
fv Vegetation cover fraction
g Gravitational acceleration
K. Scaling map for correcting spatial variability of simulated dust
emission in coarse resolution toward simulated emission in fine
resolution
LAI Leaf area index
S Preferential dust source filter in Zender et al. (2003) emission
scheme
SAI Stem area index
VAI Vegetation area index
VAl Threshold vegetation area index
T Proportionality constant in Zender et al. (2003) emission scheme
U £ro Dry fluid threshold
Uyt Wet fluid threshold or static threshold (accounting for soil
moisture effect f,,,)
Uit Impact threshold or dynamic threshold
U Friction velocity at the soil surface
Uyt Dust emission thresholds (generic for indicating both fluid and
impact threhsold)
Ut Standardized fluid threshold
il Instantaneous wind
w Gravimetric soil moisture
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w; Threshold gravimetric soil moisture

Zoa Aeolian roughness length (for rocks and plants)
Zos Smooth roughness length (for soil grain)
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