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FORMATION OF SULFATE PARTICLES

SO2 

 

H2 SO4

NH3

Sulfate Particle
Industry Agriculture

oxidization

Sulfate particles generally include pure sulfate acid particles (H2 SO4 ) 
and those fully or partially neutralized sulfate particles such as 
(NH4 )2 SO4 , NH4 HSO4 , (NH4 )3 HSO4 .

neutralization

Presenter
Presentation Notes
A brief introduction.  Sulfate ion is formed through the oxidation of sulfur gas and is neutralized by ammonia to form sulfate particles.  Depending on relative humidity, the ambient sulfate aerosols could be either in solid or aqueous phase. In solid phase, They have three different chemical forms, namely ammonium sulfate, letovicite, and ammonium hydrate sulfate, with corresponding neutralization values of 1, 0.75, to 0.5.  The sulfate particles in the aqueous phase can be in a mixture of  h20, ions of SO4, NH4, and hydrogen ion  with different mixing ratios, and therefore, their X values can range from 0 to 1. X = 0 indicates is solution of H2SO4, while X = 1 indicates it is a solution of AS. 





To predict the phase transition requires: 
(a) Current phase (RH back-trajectory)                                             which curve ?
(b) RH in current and next model time step                      which direction?
(c) CRH(X) & DRH(X) phase changes?

THE HYSTERESIS OF SULFATE PHASE TRANSITION

aqueous

solids

Aerosol phase transition Aerosol direct forcing on climate?

Crystalline relative humidity Deliquesce relative humidity
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Presentation Notes
Because aqueous particles generally have a larger size and different refractive index as compared to those of solids. And they will scatter the solar raidaiton differently. The goal of this study is try to understand how the phase transtion will affect our estimat eof sulfate forcing. Unfortuantly, this phase information is not availabe in the satellite retrievals and therefore we have to rely on model simulations. However, the simualtion is complicated by the hystersis effect during phase transtion. For instance, a solid ammonium sulfate particle will not become solid until RH is larger than 80%. We usually call 80% as deliquece RH (DRH). After the particle becomes aqueous, it will hygroscopically grow with increading RH.  But, as RH decreases, this aqueous particle will shrink and will not  become solids until the RH is below 35%. We call this relative humidity as crystalline relative humidity (CRH). So, between CRH and DRH, the particle could be solids or aqueous, depending the RH historty of this particle.



To predict which curve that the  phase transion will follow we needs: 4 piece of information

First to know the current phase of this particle, either way, this inforation will let us know which curve the phase transtion will follow. 

 we needed to the CRH and DRH of this partice

(c) CRH, DRH, as well as the to know the phase of this particle, so that we know if the phase of the phase should be changed.

The point A and C are not usually in the chemistry transport models, and thereby in previous studies, a full hysterisis loop has 







 













    







the change of aerosol phase usually is associated with the change aerosol size and other aerosol properties, which will lead to the difference in scattering solar radaition, and thus affect the climate. 



The impact of sulfate phase transtion on the forcing however is not well understand, beucause of the sulfate phase transtion is not simple of function of relative humdity, but indeed has a hystereiss loop. For instance, …., so in this talk, so for a better udnersting, our first step is to model the aerosol phase transtion and our second step is to how the phase transion would affect optical properties and then forcing calcautions. 



In this study, we focus use on the phase transtion of sulfate aerosols, because sulfate phase transtion is seldom modeled chemistry transport model.   







SULFATE PHASE, CRH, AND DRH 

AHS LET AS

DRH: 35%                69%            80%

(NH4 )3 H(SO4 )2       (NH4) HSO4  (NH4 )2 SO4

Solids:

Neutralization
X= [NH4 ]/2[SO4 ]       

0.0                                0.5              0.75        1.0

CRH(X):     0                                         5%        30%          37%

mixed solutions: H2 O, NH4
+, H+, SO4

2-

Aqueous:

SA H2 SO4

phase transition
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Presentation Notes
The CRH and DRH of the sulfate particle highly depends on the particle composiotion, which can be characterized by X, nutralization.  For an aqueous sulfate particles, X value could from 0 (sulfaric acid) to 1 (solution of ammonimum sulfate). Generally, the higher X, the larger CRH.   

When the abmiet RH is lower than CRH, the aqueous solution will form solids. The solid form can only be AHS, LET, and AS, and their combination. The DRH of of these solids increases as X cinreases, and if RH is larger than DRH, the solids will become aqueous again. 

So as you can see, if we model the sulfate aerosol explciity in different forms, we can indeed track the phase transtion without explicitly tracking the relative humidity of the particle. 







CRH

DRH

HYSTERESIS EFFECT IN PREVIOUS CTMS

A full consideration of the hysteresis effect has not been made in the 
past estimate of sulfate climate forcing. 

Chung et al., 2003

F: 
18%, Haywood et al., 1997
24%, Martin et al., 2004

Limiting case studies
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Knowledge of sulfate phase transition is important because sulfate is the largest contributor to the anthropogenic aerosol forcing. In our previous estimates, sulfate phase is determined using either upper side or lower slide curve or some kind of interpolation or average between these two curves. Limilting case study also showed the forcing esimation different between lower side and upper side can be as larger as 18% or 24%. Eseentally, all these esimate using the local RH to determine the sulfate phase and calculate the radiative forcing from there, and therefore there is a need to understand how this hysteres effect will affect our estimate.  



IMPACT OF SULFATE COMPOSITION ON THE FORCING 
EFFICIENCY OF SULFATE PARTICLES

At the same RH > 40%, sulfate particle composition can result in 20-30% 
differences in forcing efficiency (per unit mass burden).

Forcing efficiency = mass extinction efficiency (m2/g) 

 

daytime-averaged  backscattering fraction.
Refractive index and hygroscopic growth from Tang et al (1996); lognormal distribution of dry particles 
rg=0.07um, sigmag=1.8.
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In the visible, single scattering albedo doesn’t change. 



LAB EVIDENCE FOR DEPOSITION NUCLEATION OF 
ICE ON SOLID AMMONIUM SULFATE
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Shilling et al., 2006, Depositional ice nucleation on crystalline organic and inorganic solids, 
JGR, 2006.
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(0 - 0.3) Wm-2

Counteract ~20% of CO2 forcing



One-sentence summary:

Knowledge of 4D distribution of the 
composition and phase of sulfate particles is 
needed to improve the estimate of 
anthorogogeic sulfate direct and indirect 
forcing. 



APPROACH

Emission
(SO2 and NH3 )

Deposition
(dry and wet)

Lab data
Martin et al. (2003)

CRH(x)

SO4
2-

NH4
+

(NH4 )3 H(SO4 )2

(NH4 ) HSO4

(NH4 )2 SO4

DRHLET

DRHAHS

DRHAS

aqueous solids
SO4

2--NH4
+-H2 O system

Optical properties
Wang & Martin (2007)

Surface reflectance
Koelemeijer et al. (2003)

RTM (Fu & Liou, 1998)

Forcing calculations

GEOS-Chem CTM
Park et al. (2003)

Larger X, larger CRH
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Presentation Notes
In this study, we fully consider the hysteresis loop in the simulation of sulfate phase transtion by expliclity using lab data and GEOS-Chem model. We in the GEOS-Chem add addition 2 trancers to track the sulfate and NH4 ion in aqueous phase and 3 tracers to track the aerosols in 3 solids forms. So we and specify the compsotion-dependent CRH and DRH in the model according to the data measuremered the lab. 

With 5 tracers, the model is able to bracket all suflate phase and composition as well as their phase transtion. The CRH and DRH is from Martin et al (2003). In the end, according to the  aerosol phase distribution simualted by the model, we can differciate the aerosol phase impact on the aerosol optical propeprties and forcing estimate. In here, our forcing calcuation is a very similar to others except we use composition-dependent sulfate optical properties.  
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Parameterization of CRH of sulfate particles (from Martin et al., 2003, GRL):

SULFATE PHASE TRANSITION SCHEME: DETAILS



ANNUAL AVERAGES IN BOUNDARY LAYER
Burden (natural + anthropogenic)
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Here shows some simulation result.  The top panel shows the distribution of the burden of aqueous form and in three solid form in the boundary layer. Solids are formed in the regions that are affected by downdraft of Hardley circulation including africa, mideast, and Australia, sulfate africa, and sourthe America. The dominate specidices in the solid phase is ammonium sulfate. This is because over the continent, the neutralization is high. The solid mass fraction in global aerage is 22%. The largest solid fractio nregion is in West US and indian regions where has the large frequence that RH is less than 40% and much lower probabliyt of RH larger than 80%. 



Phase transition measured in 
SGP site

Martin et al., 2008, GRL.

Black: total number of events

In 101 runs in June 2007, efflorescence 
occurred 72% of the time for particles 
sampled at ambient RH. Deliquescence 
occurred in 13% of the runs. 



ANNUAL AVERAGES IN UPPER TROPOSPHERE 
(above 500 mb)

Burden (natural + anthropogenic)
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In the upper troposphere, we found the burden of solids is larger the burden of aqueous and in global average the solids mass fraction is 60%.  RH is lower there. But, another more important reason is that we found the particles are highly nuetralized in the upper troposphere with a global mean of 0.72. A high neutralization will lead to high CRH of these particles in the upper tropopshere, and thus favarable for the formation of solids.  In fact, the solids mass fraction resembles the distribution of particle neutralziation. A high neutralization of sulfate particles is against the traditional view, because the wet scavenging of ammonia is very efficient and thus there should not much ammonia in the upper layer.  However, through a close examination, we found most CTMs implicitly set the retention efficiency of 1.0, but according to lab data, the retention efficiency of ammonia is very small, and thus during the deep convection when liquid clouds are formed into the ice clouds, ammonia is able to escape and remain the upper troposphere.  



CONSISTENCY & DISCREPANCIES WITH PAST STUDIES

Dentener and Crutzen, 1994.

[NH4 ] / [SO4 ]

(grids: 18 X 36 X 10)

(grids: 46 X 72 X 30)

X = [NH4 ] / [SO4 ] / 2
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Our simulation is against the traditional 
view that sulfate should be less 
neutralized in upper troposphere due to 
efficient scavenging of NH3 . 
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Consistence: one maximum and one minimum center in UT over sub-tropics. The neutralization of particle near the surface is also consitent. However, we found over upper tropshere, our values is generally much larger than theirs. So we have to understand why, and more importantly which one is correct. To know this, we go to see the data collected in different field campaigns. 







OBSERVATION DATA (S-Hemisphere)

6-12km, southern Pacific
PEM-Tropics A
(Schultz et al., 2000)

PEM-Tropics B
(Dibb et al., 2003)

NASA ER2, 65,000 feet  (~20km) ASL
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70% of time the particle is fully neutralized. The averaged X value is larger than 0.5 for sure. 

Here in tropics B, again, the ratio is close 1 across the whole troposphere.





OBSERVATIONAL EVIDENCE (N-Hemisphere)

8km ASL, Atlantic ocean
SONEX 

(Dibb et al., 2000)

50W

50N

AS

AHS
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Again, in varous regions, we see NH4 is high enough to neutralize the SO4. 

Here show the data in INTEX-B, and other recent field campains. X > 0.5.



EXPLAINING PERSISTENT OBSERVATIONS OF NEUTRALIZED 
SULFATE  IN UPPER TROPOSPHERE

DMS, SO2
Sulfate aerosol
NH3
HNO3

efficient scavenging of aerosol, HNO3 , NH3 , 
some SO2 by liquid droplets

Is NH3 retained or released 
when cloud droplets freeze?

DMS, SO2 H2 SO4

NH3

Precipitation 
removal NH3 retention efficiency of 10-4-10-2 

(Pruppacher and Klett, 2003), would 
allow efficient release of NH3 to 
neutralize upper tropospheric aerosol



SIMULATED IMPACT OF SULFATE NEUTRALIZATION 
(X) AND SULFATE PHASE

Upper tropospheric sulfate is 
mostly neutralized and solid!  
Implications for atmospheric 
chemistry, cirrus formation…



Solids: 41% in burden, 26% in optical thickness, 37% in full-sky forcing;  negative 
correlation between solids fraction and cloud fraction solids sulfate forcing.

ANTHROPOGENIC SULFATE AOT & DIRECT FORCING

Sulfate forcing: -0.17 Wm-2

CO2 warming: 1.6 Wm-2

Presenter
Presentation Notes
Total optical thickness of anthropgogenic sulfate optical thickness is 0.011 and forcing is -0.24Wm-2. Overall, solids contribut 25%, and 31% in clearsky amd 37 in fully sky, reflecting the negative correlation between cloud fraction and the solids mass fraction.

 







SENSITIVITY ANALYSIS TO THE HYSTERESIS EFFECT

: -14%
F: -7%



 

: +10%
F: +8%



 

:  +5%
F: +5%



 

: 19%
F: 12%

(compared to the base case; anthropogenic component only)

Lower side Upper side

All aqueous

“lower side” and “upper side” difference
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Sensitivity study is also conducted to see how much uncertainty we will have we don’t consider the hysteresis effect. If we usng the lower side, the optical thcikness and forcing will be understamted by -14% and -7%. 



Two factors (1) backscattering; (2) cloud fraction.



Regional difference due to hysteresis can be as large as ~20%.
Those are systematical biases.

FORCING DIFFERENCE DUE TO HYSTERESIS IN 
DIFFERENT REGIONS

Upper curve vs.
Lower curve

All aqueous vs.
base case
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However, the regional difference could be big. The TAU and the forcing different could be larger than 20%.



Summary

• The dominance of solids in the upper troposphere arises in part 
from high sulfate neutralization, reflecting in our simulation a 
low retention efficiency of NH3 upon cloud freezing.

• Anthropogenic sulfate particles in solid phase contributes 41% 
in burden, 26% in optical thickness, and 37% in full-sky direct 
climate forcing of sulfate. 

• Hysteresis can result in the uncertainty in the estimate of 
sulfate forcing by 12%  (-7% 

 

+5%) in global average and 20% 
in various regions.

• More percentage of solids is expected as the industrial 
emission of sulfate is decreasing in U.S. and Europe. 

• Normalized growth factor of optical thickness should be 
considered as a standard output to facilitate meaningful 
intercomparisons among different forcing calculations. 



PRELIMINARY STUDY USING A SINGLE COLUMN MODEL 
AT ARM SGP SITE

month

month

P. S. Bhattacharjee et al., 2008 AGU poster.





RESULT SENSITIVITY TO RETENTION EFFICIENCY OF NH3



CHANGE OF PARTICLE SIZE AND REFRACTIVE 
INDEX WITH HYGROSCOPICITY

Wang and Martin, 2007, JGR.



SEASONALITY
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Minimum DMS



NEXT STEP: ADDING SULFATE PATHWAY FOR CIRRUS 
CLOUD FORMATION IN GEOS-5 GCM

From P. S. Bhattacharjee et al., 2008 AGU poster.

+ McRAS

Fountoukis and Nenes (2005)
For aerosol activation as CCN

Modified Seifert and Beheng (2006)
For autoconversion and accretion

Liu and Penner (2005)
For cloud ice nucleation

Khvorostyanov and Curry (1999a)
For cloud drop effective radius

= McRAS - AC

NASA GEOS 
GCM

Collaboration with: 
Yogesh Sud, Eric Wilcox, Peter Colarco, Julio Bacmeister, 
Lazaros Orepoulos, Gregory Walker, …



OBSERVATIONAL EVIDENCE OF PHASE TRANSITIONS

Efflorescence occurred 72% of the time 
for particles sampled at ambient RH in 
June. 

For other evidences, see reviewed in Martin (2001), Chem. Rev. 2000, 
100, 3403-3453
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an ×104 SDCF NSDCFa NE b NG Remarks

Reddy et al. (2005) 300 -0.41 -135 9.90 2.30
For RH < 30%, Esd applies. For 
RH > 30%, Mie-calculated Eaq 
values apply for increasing RH.

Koch et al. (1999, 
2001) 280 -0.68 -206 8.48 1.70

For RH < 60%, Esd applies. For 
RH > 60%, Eaq at 85% RH and 
Esd are interpolated to obtain Eaq 
at intermediate RH values.

Schulz et al. (2006) 
Statistics from nine CTMs having 
the same emissions 

Mean 190 -0.35 -161 9.10

Standard deviation ±90 ±0.15 ±41 ±2.70

This Study 
Esd and Eaq depend on particle 
composition X. The hystereisis 
loop is fully considered in the 
base case.

Base Case 103 -0.17 -136 8.26 1.60

COMPARISON WITH OTHER MODELS

NSDCF = SDCF/
NE = /burden
NG = with_hygroscopicity / no_hygroscopicity

Normalized growth factor of optical thickness should be 
another parameter in comparing CTM  results.



NO2 + OH

h OH

N2 O5 + H2 O

Wet 
Deposition

Dry 
Deposition

HNO3

N2 O5



Production and loss of HNO3

Phase effect:     increase  in daytime  + decrease in night time = ?

NOx + VOC  O3



MODIS IWP ZONAL MEANS VS GCMS 
model means from IPCC AR4 Inter-model comparison 

Latitude

MODIS Aqua 4 yr. mean
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IWP: ice water path, the columnar amount of ice water in the atmosphere 
per unit of area.

Slide from Hal Maring, NASA HQ, AGU2007
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 Lest we think only the cloud observations are uncertain ….

2. Comparison of IPCC models and MODIS IWP



Next Steps (1)

Goal:
Include the sulfate phase into a GCM to study its effect on cirrus cloud 

formation and radiative forcing.

Approach:
Coupled the sulfate/ammonia cycle including sulfate phase transition in 

CTM with GCM.



Between DRH and CRH, 
sulfate particles can be in 
either solid or aqueous 
phase. 

For aqueous sulfate 
particles, as RH increases,

r increases
Q and E increase

However, 

 decreases

Overall, increase the aerosol 
forcing.

sulfate physical state vs. scattering properties

LS US



Next Steps (2)





Mechanisms for Ice Cloud Formation

(solid particle)

(super-cooled water)

Slide from Xiaohong Liu, PNNL



AEROSOL & CLOUD 
THE LARGEST UNCERTAINTY IN CLIMATE MODELS 
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