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The Methods were completed: 

Upper tropospheric dust 
To assess whether Saharan dust was present at al1tudes relevant to cirrus forma1on, the total-
column analysis was complemented with three-dimensional MERRA-2 aerosol fields. For each 
of the iden1fied SDEs, 3-hourly dust mass mixing ra1os for the five MERRA-2 dust size bins 
(DU001–DU005) were extracted over the study domain from the na1ve model-level aerosol 
product. Total dust mass mixing ra1o (kg kg-1) was calculated as the sum of the five size bins. 
Aerosol fields were matched to the corresponding three-dimensional MERRA-2 atmospheric 
fields, and the geometric height assigned to each model level was used to determine the actual 
al1tude of the dust at every 1me step and grid point. This allowed the dust distribu1on to be 
evaluated independently of fixed model-level or pressure-level assump1ons. Upper-
tropospheric dust was primarily characterized over the 7–12 km al1tude range, with addi1onal 
calcula1ons for the 7–8, 8–9, 9–10, and 10–12 km layers to examine the ver1cal dependence 
of the dust–cirrus rela1onship. Event-level mean dust mass mixing ra1os were calculated from 
all grid points and 3-hourly 1me steps falling within each al1tude interval. These ver1cally 
resolved dust metrics were subsequently compared with the MODIS and HIRS cloud proper1es 
used in the original analysis to determine whether cirrus responses were more closely 
associated with dust present at cirrus-relevant al1tudes than with total-column dust loading. 

Event-based sta4s4cal analysis 
To inves1gate whether the cloud proper1es associated with Saharan dust events depend on 
the presence of mineral dust at cirrus-relevant al1tudes, an event-based analysis was 
performed using the 276 independently iden1fied SDE days. Rather than relying primarily on 
correla1ons between dust concentra1on and individual cloud parameters, the analysis was 
designed to compare cloud states associated with SDEs against low-dust background 
condi1ons. Low-dust reference days were defined as non-SDE days for which the total-column 
dust mass remained below the 75th percen1le (upper quar1le) of the complete 2001–2025 
daily dust distribu1on. This criterion yielded 6836 reference days and excluded the upper 
quar1le of the total-column dust distribu1on, where substan1al dust influence was more likely. 
All comparisons were performed separately for winter, spring, summer, and autumn to 
account for the pronounced seasonal variability in both Saharan dust transport and cloud 
condi1ons. 
To examine whether the ver1cal penetra1on of dust into the upper troposphere was 
associated with the magnitude of the cloud response, SDEs were addi1onally divided within 
each season according to their Dust7–12 values. Events below or equal to the seasonal median 
Dust7–12 concentra1on were classified as lower-upper-tropospheric-dust SDEs, whereas 
events above the seasonal median were classified as higher-upper-tropospheric-dust SDEs. 
The use of season-specific thresholds avoided applying a single concentra1on criterion to 
seasons characterized by substan1ally different upper-tropospheric dust distribu1ons. Three 
complementary contrasts were then evaluated: (i) all SDE days versus low-dust reference days, 



(ii) lower- and higher-Dust7–12 SDE subsets separately versus the corresponding seasonal 
reference, and (iii) higher- versus lower-Dust7–12 SDEs directly. The la\er comparison was 
used to determine whether cloud proper1es differed systema1cally among SDEs depending 
on the amount of mineral dust present at 7–12 km. 
The analysis included cirrus reflectance, effec1ve ice par1cle radius, low-, mid-, and high-level 
cloud frac1on, cloud-top pressure, cloud-top temperature, and outgoing longwave radia1on 
(OLR). Because several variables exhibited non-normal distribu1ons and unequal group sizes, 
group differences were evaluated using two-sided Mann–Whitney U tests. The magnitude and 
direc1on of the differences were quan1fied using rank-biserial correla1on (rrb) as a non-
parametric effect-size measure, with posi1ve values indica1ng higher values in the first group 
and nega1ve values indica1ng lower values. To control for mul1ple comparisons, p-values were 
adjusted using the Benjamini–Hochberg false discovery rate (FDR) procedure, with FDR-
adjusted (q<0.05) considered sta1s1cally significant. Group medians were used to characterize 
the magnitude of the observed differences. 
Because ver1cally resolved Dust7–12 data were available only for the 276 SDE days, upper-
tropospheric dust concentra1ons could not be directly compared between SDE and reference 
days. Accordingly, the low-dust reference group was defined independently using total-column 
dust mass, whereas Dust7–12 was used specifically to stra1fy the SDE popula1on according to 
the degree of upper-tropospheric dust presence. This design therefore tests whether the cloud 
state associated with SDEs differs from low-dust background condi1ons and, more specifically, 
whether these anomalies become more pronounced when larger amounts of mineral dust are 
present at cirrus-relevant al1tudes. 

New findings have been added to the results: 

Upper-tropospheric dust occurrence and comparison with column dust loading 
The ver1cally resolved MERRA-2 analysis showed that mineral dust was frequently present at 
cirrus-relevant al1tudes during the iden1fied SDEs. Across the 276 events, the median event-
mean dust mass mixing ra1o in the 7–12 km layer was 9.63×10-8 kg kg-1 (Figure 3). Upper-
tropospheric dust was not restricted to the lower part of this al1tude range: the corresponding 
median was 8.33×10-9 kg kg-1 at 8–12 km and 4.37×10-9 kg kg-1 at 10–12 km. Of all SDEs, 264 
(95.7%) exhibited event-mean dust mass mixing ra1os exceeding 10-9 kg kg-1 between 7 and 
12 km, while 204 (73.9%) exceeded 5×10-9 kg kg-1, and 134 (48.6%) exceeded 10-8 kg kg-1. Even 
when the analysis was restricted to 8–12 km, these thresholds were exceeded in 93.1%, 67.0%, 
and 44.6% of the events, respec1vely. At 10–12 km, 81.2% of the SDEs s1ll exceeded 10-9 kg 
kg-1.  
The amount of dust at 7–12 km was also substan1al rela1ve to that at 3–7 km; the upper-
tropospheric mean reached at least 30% of the 3–7 km value in 62% of the events and at least 
50% in 35.5% of the events. These results demonstrate that, within MERRA-2, Saharan dust 
during the inves1gated events was generally not confined to the lower and middle 
troposphere but frequently extended into the al1tude range occupied by upper-level ice 
clouds. 
 



 
Figure 3. Ver1cal distribu1on of Saharan dust during the 276 iden1fied SDEs. (The line shows 
the median MERRA-2 dust mass mixing ra1o, with the shaded envelope represen1ng the 
interquar1le range, while the shaded 7–12 km layer indicates cirrus-relevant al1tudes.) 

Seasonal cloud-property differences associated with upper-tropospheric dust 
during SDEs 
The event-based analysis revealed pronounced seasonal differences in cloud and radia1ve 
proper1es between Saharan dust events and low-dust reference condi1ons (Table 2). The 
differences were par1cularly marked for SDEs characterized by above-median dust 
concentra1ons in the 7–12 km layer. Across all seasons, these high-Dust7–12 events were 
associated with significantly enhanced cirrus reflectance and high-cloud frac1on, together 
with substan1ally lower cloud-top pressure and temperature. Most of these differences 
remained highly significant ager FDR correc1on and were accompanied by moderate to large 
rank-biserial effect sizes. 
The largest overall contrasts were observed during winter and spring. In winter, high-Dust7–
12 SDEs showed par1cularly large differences in high-cloud frac1on, cloud-top proper1es, and 
OLR rela1ve to low-dust reference condi1ons. Spring exhibited a similarly coherent pa\ern, 
with enhanced cirrus reflectance and high-cloud frac1on and reduced cloud-top pressure, 
cloud-top temperature, and OLR. A significant reduc1on in effec1ve ice par1cle radius was also 



detected in spring, whereas par1cle-size differences were not sta1s1cally significant in the 
other seasons. Summer exhibited smaller cirrus and radia1ve differences, although high-cloud 
frac1on and cloud-top proper1es remained significantly different from reference condi1ons. 
During autumn, the largest differences were observed in high-cloud frac1on and cloud-top 
pressure and temperature. 
Direct comparison of SDEs with above- and below-median Dust7–12 concentra1ons showed 
that the differences were not restricted to the contrast between SDE and reference condi1ons. 
Higher upper-tropospheric dust concentra1ons within SDEs were accompanied by significantly 
greater cirrus reflectance and high-cloud frac1on during winter and spring. Spring high-Dust7–
12 events addi1onally showed significantly smaller effec1ve ice par1cle radii and lower OLR 
than lower-Dust7–12 events. During summer, the most pronounced within-SDE difference 
occurred in high-cloud frac1on, whereas autumn showed the clearest differences in cloud-top 
pressure and temperature. Thus, the seasonal analysis iden1fied dis1nct cloud-property 
differences not only between SDEs and low-dust background condi1ons but also according to 
the amount of mineral dust present within the 7–12 km layer during the events. 
 
Table 2. Rela1ve changes in cloud and radia1ve proper1es during high-Dust7–12 SDEs 
compared with low-dust reference condi1ons. 

Season Cirrus 
reflectance 

High cloud 
frac1on 

Effec1ve 
ice cloud 
radius 

Cloud top 
pressure 

Cloud top 
temperatur
e 

OLR 

Winter +194.5%**
* 

+146.5%**
* 

−4.9% n.s. −44.0%**
* 

−8.8%*** −16.1%**
* 

Spring +272.0%**
* 

+133.2%**
* 

−7.2%** −30.0%**
* 

−5.5%*** −14.4%**
* 

Summer +99.3%*** +94.7%*** 0.0% n.s. −34.8%**
* 

−6.6%*** −4.6%* 

Autumn +160.9%** +119.7%**
* 

−4.8% n.s. −41.4%**
* 

−7.2%*** −8.6%* 

 
Values represent percentage differences between median cloud proper1es during SDEs with 
above-seasonal-median Dust7–12 concentra1ons and the corresponding low-dust reference 
condi1ons, calculated rela1ve to the reference median. Sta1s1cal significance is based on two-
sided Mann–Whitney U tests with Benjamini–Hochberg FDR correc1on: *q<0.05, **q<0.01, 
***q<0.001; n.s., not significant. 
 
A separate within-SDE comparison was performed to determine whether cloud proper1es 
differed according to upper-tropospheric dust abundance independently of the SDE–
background contrast. For this analysis, SDEs with above-seasonal-median Dust7–12 
concentra1ons were compared directly with SDEs below or equal to the corresponding 
seasonal median. 
In winter, median cirrus reflectance was 0.183 in the higher-Dust7–12 group compared with 
0.068 in the lower-Dust7–12 group, while high-cloud frac1on was 0.810 and 0.610, 
respec1vely. Cloud-top temperature decreased from 233.9 to 223.8 K and OLR from 199.9 to 
172.0 W m-2; all four differences remained significant ager FDR correc1on. In spring, cirrus 
reflectance increased from 0.079 to 0.167 and high-cloud frac1on from 0.565 to 0.708 
between the lower- and higher-Dust7–12 subsets. Effec1ve ice par1cle radius decreased 



significantly, from 31.90 to 28.44 µm (rrb=-0.36, q=0.0023), while OLR decreased from 215.0 to 
192.6 W m-2 (rrb=-0.44, q<0.001). During summer, the principal significant within-SDE 
difference was observed for high-cloud frac1on (0.199 versus 0.497, rrb=0.50, q<0.001), 
whereas autumn showed significant differences primarily in cloud-top pressure (405 versus 
278 hPa, rrb=-0.57, q=0.0022) and cloud-top temperature (238.1 versus 228.0 K, rrb=-0.54, 
q=0.0035). 

Long-term trends of dust and cirrus cloud rela=onships in spring 
Based on the seasonal analysis above, the long-term assessment was focused on spring, which 
combined the largest number of iden1fied SDEs and the highest mean dust loading with the 
most coherent dust-dependent responses across cirrus reflectance, high-cloud frac1on, cloud-
top proper1es, and OLR. 
The five-year analysis revealed substan1al temporal variability in spring1me SDE-associated 
cloud proper1es without a corresponding monotonic increase in upper-tropospheric dust 
loading. Median Dust7–12 during spring SDEs varied between 6.73×10-8 and 1.29×10-7 kg kg-1, 
with the lowest value occurring in 2016–2020 and no systema1c increase towards the end of 
the record. In contrast, the cirrus reflectance anomaly during high-Dust7–12 SDEs increased 
markedly: rela1ve to the corresponding low-dust background, median cirrus reflectance was 
143% higher in 2001–2005, 147% in 2006–2010, 318% in 2011–2015, 327% in 2016–2020, and 
398% in 2021–2025. The absolute median cirrus reflectance increased from 0.116 in 2001–
2005 to 0.223 in 2021–2025, while the corresponding background values remained similar 
(0.048 and 0.045, respec1vely). 
Other cloud proper1es showed persistent but less monotonic differences. High-cloud frac1on 
during high-Dust7–12 SDEs was 122–161% above background during 2001–2015, 54% higher 
in 2016–2020, and 135% higher in 2021–2025. Cloud-top pressure remained 25–34% lower 
and cloud-top temperature approximately 5–7% lower than background throughout the five 
periods, with the largest recent differences occurring in 2021–2025. Effec1ve ice par1cle radius 
showed greater temporal variability: the anomaly changed from +2.8% in 2001–2005 to 
−15.7% in 2006–2010, −8.3% in 2011–2015, approximately zero in 2016–2020, and −7.7% in 
2021–2025. OLR remained lower during high-Dust7–12 SDEs in every period, with differences 
ranging from approximately −10% to −17%. Thus, among the inves1gated variables, the 
clearest five-year change was observed in cirrus reflectance, whose SDE-associated 
enhancement became substan1ally larger over the study period despite the absence of a 
parallel increase in Dust7–12. 


