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Supplement

S1. Summary of the studied sites

Table S1: Characteristics of the sites used in this study. A brief description of each site which took place in the PANACEA
campaigns can be found here https://panacea-ri.gr/index.php/observational-facilities/?lang=en. Coordinates in WGS84.

Site Site — Full Name Latitude (N) Longitude (E) Altitude (m a.s.l) Site characteristic
FKL Finokalia 35.33° 25.67° 250 coastal, background
THI Thissio 37.97° 23.72° 105 urban background
PTR Patra 38.30° 21.81° 100 urban background
I0A Ioannina 39.65° 20.85° 518 urban background
LAP Thessaloniki 40.63° 22.95° 50 urban

XAN Xanthi 41.15° 24.92° 75 suburban background, rural

S2. Timeseries of Temperature and Relative Humidity measurements at the 6 sites during winter 2020 and
summer 2019.
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Figure S1: Timeseries of Temperature (left y axis, solid lines) and Relative Humidity (right y axis, dashed lines) for IOA,
XAN, THI, LAP, FKL and PTR during winter 2019-2020.
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Figure S2: Timeseries of Temperature (left y axis, solid lines) and Relative Humidity (right y axis, dashed lines) for IOA,
THI and FKL during summer 2019.

S3. Summary of the gas phase NH3; and HNO;3 used in ISORROPIA-lite for the calculation of the
aerosol pH and water

Table S2: Summary of the gas phase NH3 and HNOs3 used to calculate the aerosol pH and water, retrieved from satellite data
(C1IS or AIRS) or from in-situ measurements at the site and during the PANACEA campaigns. The table indicates where
neighboring site (neighbor) or past data are used (past).

NH; HNO3

FKL winter CrIS %n-s%tu, past

summer CrIS in-situ, past
THI winter CrIS %n-s%tu, past

summer CrIS in-situ, past
PTR winter in-situ in-situ, past, neighbor site
I0A winter in-situ, neighbor site in-situ, past, neighbor site

summer AIRS, past in-situ, past, neighbor site
LAP winter CrIS in-situ, past, neighbor site
XAN winter CrIS in-situ, past, neighbor site

S4. Evaluation of aerosol pH derived from ISORROPIA-lite

For the evaluation of the model we focused mainly on the case of PTR (Fig. 4, main text), since it was the only
site with available NH3; measurements. Nevertheless, gas phase HNO3 observations were not available for the
studied period and for this we used the most recent HNO3 measurements near the site (THI), an average value of
0.53 £+ 0.12 pg/m?® in winter from 12/2014 to 3/2016. An earlier study conducted at PTR reported a HNO;
concentration of 1.2 ug/m?* for January 1994 (Danalatos et al., 1995). Since HNOs plays an important role in
aerosol pH, a sensitivity test was conducted using this level of nitric acid in our calculations. The underestimation
in the partitioning of NH4" (Fig. 4, main text) seems to decrease when the higher HNOj concentrations observed



in 1994 are used (Fig. S3). In addition, the underestimation of &(NH4") that was originally observed, might be
associated with an overestimation of acrosol pH at PTR. The result of this sensitivity test shows indeed an average
decrease in aerosol pH of about 0.2 pH units, when higher HNOjs levels are used that also lead to higher NH4".
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Figure S3: Evaluation of the ISORROPIA-lite results for the case of PTR using higher concentrations of HNO3 (1.2 pg/m?)
in our calculations: Comparison of the partitioning coefficient of NH4" calculated using the NH3 and NH4" observations with
that using the predicted concentrations derived from the ISORROPIA model. (e(NH4") = NH4"/(NH4" + NH3).

S5. Inorganic aerosol pH
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Figure S4: Variation of the fine aerosol pH accounting only for the inorganics as derived from ISORROPIA-lite for LAP,
XAN, IOA, PTR, THI and FKL for winter 2019-2020.
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Figure S5: Variation of the pH of fine aerosol accounting only for the inorganic aerosol components as derived from
ISORROPIA-lite for IOA, THI and FKL for summer 2019.

Table S3: Multiple linear regression of the aerosol pH as derived from ISORROPIA-lite during winter 2019-2020 with the
variables used as inputs. The total R? is derived from the regression using all variables and the R? reported for each variable is
the coefficient resulting from the exclusion of this variable from the regression. The contribution to R? is the reduction in the
coefficient divided by the total one and expressed in percentage. The initial p-value is the p-value from the regression using
all variables (significance level, 0.05).

T RH Na* SO/ TNH; TNO; ClI  Ca® K' Mg OA

FKL R? 0.79 0.75 074 054 077 079 079 078 078 079 0.76
Total R2 = 079  Contribution to R? (%) 0.94 5.13 6.67 3208 246  -0.02 003 145 114 054 4.82
: Initial p-value 0.27 0.01 0.01  0.00  0.08 099 079 017 023 039 0.02

THI R? 0.79 0.80 0.82  0.48 0.71 082 08 080 082  0.80 0.82
Total R = 0.gp  Contribution to R? (%) 4.68 2.91 0.84 4156 1412 019 006 236 007 270 0.02
: Initial p-value 0.01 0.03 024 0.0  0.00 058 077 005 074  0.04 0.87

PTR R? 0.83 0.83 074 072 0.82 083 084 08 076 083 0.84
Total R? - 0.g4  Contribution to R? (%) 1.16 1.57 1249 1385 2.4l 134 038 279 909 1.8 0.14
: Initial p-value 0.33 0.26 0.00  0.00  0.17 030 059 0.4 001 033 0.77

[0A R? 0.46 0.48 047 038 0.43 043 045 039 046 048 0.47
Total R2 = 0.4g  Contribution to R? (%) 3.76 0.13 246 2063 939 1140 591 1928 457 041 1.99
' Initial p-value 0.28 0.90 038 0.0l 0.09 006 017 002 023 074 0.43

LAP R2 0.74 0.72 048 050  0.54 074 070 065 070 0.1 0.71
Total R2 = 0.74 Contribution to R? (%) 0.03 2.75 35.06 32.94 27.32 0.58 5.10 12.56 5.42 3.70 4.00
) Initial p-value 0.93 0.45 0.02 0.03 0.04 0.73 0.31 0.13 0.30 0.39 0.37

XAN R2 0.64 0.69 070 043 0.56 070 069 069 070  0.70 0.70
Total R2 ~ 070  Contribution to R* (%) 9.06 1.09 086 3907 1971  0.84 226 118 001 021 0.80
) Initial p-value 0.01 0.32 0.38 0.00 0.00 0.38 0.16 0.30 0.89 0.66 0.39




Table S4: Multiple linear regression of the aerosol pH as derived from ISORROPIA-lite during summer 2019 with the
variables used as inputs. The total R? is derived from the regression using all variables and the R? reported for each variable is
the coefficient resulting from the exclusion of this variable from the regression. The contribution to R? is the reduction in the
coefficient divided by the total one and expressed in percentage. The initial p-value is the p-value from the regression using
all variables (significance level, 0.05).

T RH Na* SO& TNH; TNO; CI  Ca* K' Mg*¥ OA

FKL R? 092 090 092 095 094 0.94 093 092 094 095 093
Total R2= 095 ContributiontoR*(%) 2.62 504 231 007 038 1.14 117 240 052 006 156
" Initial p-value 0.00 000 000 049 0.1l 0.01 0.0l 000 006 054 0.0

THI R? 092 077 087 072 088 0.93 093 083 093 091 083
Total R>= 0093 Contribution to R?(%) ~ 0.55  17.52 694 2273 587 012 033 1111 050 242 10.68
"~ Initial p-value 0.05 _0.00 000 000 _ 0.00 0.53 0.0 000 _0.06 0.0 _ 0.00

IO0A R? 094 094 092 072 092 0.93 0.94 084 088 094 094
Total R? =094 ContributiontoR2 (%) 048  0.17 250  23.07  2.64 1.27 012 1L16 615 027 0.7
Initial p-value 022 065 000 _ 0.00  0.00 0.03 100 0.00 000 043 0.3

S6. Sensitivity tests

Table SS: Sensitivity test for the determination of the major contributors for the seasonal variability of aerosol pH at FKL.
Simulations Si, Sz, S3, S4, Ss, Se, S7, Ss, So were done, running the model (ISORROPIA-lite) and using the wintertime
observations in addition for each simulation the summer mean temperature, relative humidity, TNO3, TNHs, SO4>, Na*, K*,

Ca?" and OA were used respectively. The ApH is reported as the absolute difference pHwinter — pHwinter(summerx).

Initial pH . . Description of the simulation absolute
(wintertime pH) Simulations winter data with summer Aerosol pH ApH
Si mean Temperature 3.03+0.74 0.30
S» mean Relative Humidity 3.22+0.50 0.16
S3 mean TNO; 3.13+0.48 0.17
S4 mean TNH; 3.56 £0.41 0.39
3.17+0.47 Ss mean SO4> 1.51+£0.97 1.66
Se mean Na* 3.24+£0.39 0.25
S; mean K* 3.29+0.49 0.15
Ss mean Ca?* 3.19+0.47 0.14
So mean OA 3.12+0.43 0.08




Table S6: Sensitivity test for the determination of the major contributors for the seasonal variability of aerosol pH at IOA.
Simulations Si, S2, S3, S4, Ss, Se, S7, Ss, So were done, running the model (ISORROPIA-lite) and using the wintertime
observations, in addition for each simulation the summer mean temperature, relative humidity, TNOs, TNH3, SO4%, Na*, K*,
Ca?" and OA were used respectively. The ApH is reported as the absolute difference pHwinter — pHwinter(summerx).

Initial pH . . Description of the simulation absolute
(wintertime pH) Simulations winter data with summer Aerosol pH ApH
Si mean Temperature 3.23+034 0.76
S> mean Relative Humidity 3.98 £0.35 0.21
399+ 0.4] S3 mean TNO; 479+ 145 0.98
S4 mean TNHj; 3.40+0.68 0.59
Ss mean SOs* 3.89+091 0.45
Se mean Na* 3.94+£040 0.06
S5 mean K* 3.85+0.99 0.53
Ss mean Ca?" 417+1.01 0.43
So mean OA 4.12+0.57 0.22

Table S7: Sensitivity test for the determination of the major contributors for the seasonal variability of aerosol pH at THI.
Simulations Si, S, S3, S4, Ss, S, S7, Ss were done, running the model (ISORROPIA-lite) using the wintertime observations,
in addition for each simulation the summer mean temperature, relative humidity, SO4>-, K*, Ca?*, Na*, TNH3 and TNO3 were
used respectively. The ApH is reported as the absolute difference pHwinter — pHwinter(summerx).

(Wif::;t:;ln?e}iﬂ.[) Simulations Dez:;grl?jl; tzfvxt/gﬁ ssluTnl:Ilztrwn Aerosol pH abs ApH
Si mean Temperature 3.04 +0.60 0.42
S, mean Relative Humidity 3.58£0.63 0.24
S3 mean TNO; 3.37+0.44 0.16
S4 mean TNH; 3.86 £ 0.50 0.48
3.38+£0.51 Ss mean SO4*> 0.53+£0.93 2.84
Se mean K* 3.26 +0.50 0.15
S5 mean Na* 3.33+0.55 0.12
Ss mean Ca®* 3.64 +0.98 0.33
So mean OA 3.31+042 0.10

S7. Sensitivity of pH to gas phase NH3; and HNO3

Table S8: Sensitivity of pH estimation to gas phase NH3 and HNOs concentrations. The base case concentrations of the gases
are provided along with the difference in aerosol pH (ApH = pHx2gas — pHoriginat and ApH = pHi/2gas — pHoriginal) between the
simulations when double and half the amount of the gas is used and the original simulation (base case). The numbers in the
parenthesis correspond to the number of days.

FKL THI PTR I0A LAP XAN
January ilﬂgui January ilﬂgui January  January /J;ngu‘gsi January  January

(16) 3 (27) 39 aw en TET @ (26)

NH; (ng/m?) 1.06 1.24 0.65 1.31 2.99 2.55 1.04 0.30 0.71
ApH x2NH3 0.34 0.29 0.21 0.23 0.28 0.28 0.26 0.13 0.25
ApH 2NH3 -0.31 -0.24 -0.15 -0.10 -0.25 -0.26 -0.15 -0.07 -0.21
HNOs (ng/m?) 0.63 0.95 0.53 0.91 0.53 0.53 0.91 0.53 0.53
ApH x2HNO:; -0.11 -0.01 -0.15 -0.02 -0.06 -0.06 -0.02 -0.07 -0.04




ApH 2HNO3 0.08 0.01 0.15 0.05 0.07 0.05 0.03 0.04 0.03

S8. Sensitivity of PM2s to gas phase NHs and HNO3

Table S9: Seasonally mean values of temperature in the studied sites (all sites in winter and FKL, THI and IOA in summer)
along with the mean activity coefficients (yy+Yno; and Yyu;¥no;) that were derived for ISORROPIA-lite and used in the

Nenes et al. (2020) framework. The aerosol pH and water used in the framework are also presented here, as mean values for
each season.

Aerosol water

0 - -
Season Temperature (°C) Yu+Yno;3 VYnui¥nos Aerosol pH (ng/m’)
winter (Jan) 9.06 £1.83 0.64 £0.25 0.20£0.06 3.41£0.52 7.78 £ 8.63
summer (Jul-Aug) 26.69+1.99 0.27 £0.03 0.23+£0.02 1.64 +0.38 3.07+1.62

S9. Sensitivity of PM2s to gas phase NH3 and HNO3 and reactive nitrogen deposition regimes including
the OA
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Figure S6: Chemical domains of sensitivity of PM2.s mass to NH3 and NOx emissions for the studied period (a) in winter
(January) and (b) in summer (July and August). The average temperature used here is the mean measured one for the studied
period at all sites in each season. Daily averaged values in each season of aerosol pH and total liquid water content (associated
with both inorganics and organics) were used. The red line shows the characteristic aerosol pH as a function of liquid water
content below which the PM> s mass is sensitive to NH3 levels and the blue line the characteristic aerosol pH as a function of
liquid water content above which the PM2.5 mass is sensitive to HNO3 levels.
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Figure S7: Domains of reactive nitrogen deposition for the studied period (a) in winter (January) and (b) in summer (July and
August). The average temperature used here is the mean measured one at all sites, for each season. Daily averaged values in
each season for aerosol pH and total liquid water content (associated with both inorganics and organics) were used. The red
line shows the characteristic aerosol pH, as a function of liquid water content, below which NH; deposition is slow and the
blue line the characteristic aerosol pH, as a function of liquid water content, above which HNO3 deposition is slow.



S10. Partitioning coefficient of nitrate during winter and summer

The gas-particle partitioning coefficient of nitrate was calculated using the results derived from ISORROPIA -
lite for all sites during winter and summer considering both simulations: the one when only the inorganic
species are participating in the system and the other when the organics area also added. The addition of the
organics resulted in a slight increase of the partitioning of nitrate since the presence of the organics raise the
total aerosol water content which in turn favors the partitioning of nitrate to the aerosol phase.

When comparing the partitioning coefficient between the seasons, in regions where the variation of aerosol
acidity was prominent i.e. in IOA (2 pH units more acidic particles were present in summer than in winter)
and FKL (1 pH unit higher aerosol pH in winter than in summer) the resulted seasonal difference in the
partitioning of nitrate is also distinct. The more acidic conditions at both sites during summer caused nitrate
to reside more to the gas phase. Similarly, during summer particle phase nitrate at THI was not present in
contrast to winter were the moderate aerosol acidity allowed the partitioning of nitrate to the aerosol phase.
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Figure S8: Timeseries of the gas-to-particle partitioning coefficient (daily values) calculated as e(NO3") =NO3/(NOs + HNO3)
as derived from ISORROPIA-lite for all sites during summer and winter (where applicable i.e. summer data only available in

10A,

THI and FKL). With dashed lines the ¢(NOs") is reported using the results from the model considering only the inorganic

pollutants while with solid lines the results when accounting also for the organics are shown. When ¢(NO3") is equal to 1, all
nitrate is partitioning in the aerosol phase; while for ¢(NO3") close to zero, the partitioning is to the gas phase as HNOs.
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