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The impact of turbulence, clouds, and dynamic processes on precipitation 
and air quality over South America



Annual mean precipitation and clouds

https://doi.org/10.1007/s10712-017-9416-4

Annual mean precipitation 
during 1979–2014

mean cloud fraction 
2000-2020

Precipitation and cloud processes are
prominent over South America

Precipitation/clouds/turbulence/dynamic 
processes are entangled



Seasonal mean precipitation during 1979–2014

Two major precipitation regions over South American:
1. Amazon
2. Southeastern South America (SESA)

Prominent seasonal variation, wet season vs. dry season

https://doi.org/10.1007/s10712-017-9416-4

South American summer monsoon (SASM)

Intertropical and South Atlantic convergence zones (ITCZ and SACZ)



Low-level atmospheric circulation over South America

Marengo et al. 2004
https://doi.org/10.1175/BAMS-87-1-63
Rodríguez-Zorro et al. https://rdcu.be/c730B

South American summer monsoon (SASM) 
Intertropical and South Atlantic convergence zones (ITCZ and SACZ)

https://doi.org/10.1175/1520-0442(2004)017%3C2261:COTLJE%3E2.0.CO;2
https://doi.org/10.1175/BAMS-87-1-63
https://www.nature.com/articles/s41598-020-62888-x
https://rdcu.be/c730B


Sensitivity of summer precipitation to PBL schemes

• YSU boundary layer scheme simulates stronger precipitation

Hu, X.-M., Y. Huang, M. Xue, E. Martin, Y. Hong, M. Chen, H. M. Novoa, et al., Effects of lower 
troposphere vertical mixing on simulated clouds and precipitation over Amazon during the wet 
season. J. Geophys. Res.-Atmospheres, 10.1029/2023JD038553 .

YSU ACM2

Observations

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038553
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038553
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038553
https://doi.org/10.22541/essoar.167458066.61800879/v1
https://doi.org/10.1029/2023JD038553
https://jgr-atmospheres-submit.agu.org/jd_files16b/2023/04/25/00954551/01/954551_1_merged_1682536099.pdf


Evaluate diurnal variation of precipitation

• YSU simulates stronger daytime precipitation

Early morning

Daytime

Nighttime



Sensitivity of noontime precipitation to PBL schemes

• YSU overestimates daytime precipitation

YSU ACM2

Observations



• YSU simulates higher daytime temperature

Sensitivity of noontime temperature to PBL schemes
YSU ACM2 ACM2-YSU



Sensitivity of noontime radiation to PBL schemes

• YSU simulates stronger daytime radiation over cloud region

YSU ACM2 ACM2-YSU Clouds



YSU ACM2 

Clouds over Amazon

Diurnal variation of clouds: YSU vs. ACM2

• Clouds dissipate during the day in YSU runs while they maintain 
in ACM2 runs

• ACM2 boundary layer scheme simulates more clouds by mixing 
more moisture upwards.

Hu, X.-M., Y. Huang, M. Xue, E. Martin, Y. Hong, M. Chen, H. M. Novoa, et al., Effects of lower 
troposphere vertical mixing on simulated clouds and precipitation over Amazon during the wet 
season. J. Geophys. Res.-Atmospheres, 10.1029/2023JD038553 .

Vertical moisture flux Water vapor diff YSU Mixing coefficient

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038553
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038553
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038553
https://doi.org/10.22541/essoar.167458066.61800879/v1
https://doi.org/10.1029/2023JD038553
https://jgr-atmospheres-submit.agu.org/jd_files16b/2023/04/25/00954551/01/954551_1_merged_1682536099.pdf


Detailed Analyses to Understand How Boundary Layer/turbulent 
Scheme Affects Rainfall in Amazon Region

• ACM2 simulates more clouds, which 
reduces the solar heating reaching the 
ground.

• With less heating, convective instability 
is reduced.

• Therefore, less precipitation is 
produced.

• Such complex interactions are now 
scientific findings.

Clouds over 
Amazon

Rain rate

YSU Boundary Layer ACM2 boundary Layer

YSU Boundary Layer ACM2 boundary Layer

Hu, X.-M., Y. Huang, M. Xue, E. Martin, Y. Hong, M. Chen, H. M. Novoa, et al., Effects of lower troposphere vertical mixing on 
simulated clouds and precipitation over Amazon during the wet season. J. Geophys. Res.-Atmospheres, 10.1029/2023JD038553 .
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Cloud sensitivity to different mixing treatments

Vertical moisture fluxWater vapor diff YSU Mixing coefficient



Mixing in presence of clouds

• ACM2 stronger FT vertical mixing in presence of  clouds



Mixing without clouds

• ACM2 stronger FT vertical mixing in presence of  clouds
• Weak FT vertical mixing without clouds, 

which is not sensitive to PBL schemes





Clouds in the 3km simulations

• Similar sensitivity in 3km simulations



Precipitation in the 3km simulations

YSU ACM2 

YSU p0.5 

YSU p0.5 use 
ACM2free 



Summary

•Disentangle turbulence/cloud/precipitation processes over Amazon and reveal 
root cause for sensitivity to PBL schemes using WRF

•Free troposphere (FT) mixing becomes prominent in the presence of clouds, 
which in turn supports maintenance of the FT clouds that would otherwise 
dissipate

•Stronger vertical moisture relay transport in ACM2 PBL scheme supports thicker 
FT clouds, leading to reduced heating and precipitation



Hu, X.-M., Y. Huang, M. Xue, E. Martin, Y. Hong, M. Chen, H. M. Novoa, et al., Effects of lower troposphere vertical mixing on 
simulated clouds and precipitation over Amazon during the wet season. J. Geophys. Res.-Atmospheres, 10.1029/2023JD038553 .
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The impact of turbulence, and dynamic processes on 

air quality over South America

Part II: air quality



Severe air pollution issues over Peru

Air pollution level exceeded the WHO air quality 
guidance level by an order of magnitude.
Primary pollutants over Peru: aerosols, mercury, O3.
Sources: vehicles, mining, wildfires.  

Larrea Valdivia et al., 2020 

applewebdata://379FBA8A-EC8F-475E-B23B-7D570AFE89CA/


Severe SO2 pollution over Peru

Worst SO2 pollution 
over Arequipa

Sources: volcanos  



How does Arequipa look like?

Beautiful city beside mountains
video

https://caps.ou.edu/micronet/Brazil/Simulations/4.3.3/wrfchem4.3.3FNL025_2d_Peru_WACCMICBC_Sabancaya.2021110800/Arequipa_Peru.mp4


Air pollution simulations using WRF/Chem

WRF/Chem 
air quality simulation/forecasting system 
set up over Peru:
https://caps.ou.edu/micronet/Peru.html

Grid spacing: 15km (south America) => 3km (Peru)
Grid points:    690 × 540 (d02)
Emissions: 0.5° × 0.5° RETRO (REanalysis of the 
TROpospheric chemical composition)
Efficiency: 2day forecast in 1 day using 4 skx nodes
Chemical IC/BC: CAM-Chem

CO emissions O3 mixing ratios

https://caps.ou.edu/micronet/Peru.html


Air pollution forecasts, adding Volcán Sabancaya

If movie not working on left, click
https://caps.ou.edu/micronet/Brazil/Simulations/4
.3.3/wrfchem4.3.3FNL025_2d_Peru_WACCMICBC_
Sabancaya.2021110800/wrfout_d02_so2_zoomin_l
ayer31_0.gif

Star marks Arequipa

https://caps.ou.edu/micronet/Brazil/Simulations/3.9.1/wrfchem3.9.1ERA2d_Peru_CAM-chemICBCVocano.2019010100/wrfout_d02_so2_zoomin_0.gif
https://caps.ou.edu/micronet/Brazil/Simulations/4.3.3/wrfchem4.3.3FNL025_2d_Peru_WACCMICBC_Sabancaya.2021110800/wrfout_d02_so2_zoomin_layer31_0.gif
https://caps.ou.edu/micronet/Brazil/Simulations/4.3.3/wrfchem4.3.3FNL025_2d_Peru_WACCMICBC_Sabancaya.2021110800/wrfout_d02_so2_zoomin_layer31_0.gif
https://caps.ou.edu/micronet/Brazil/Simulations/4.3.3/wrfchem4.3.3FNL025_2d_Peru_WACCMICBC_Sabancaya.2021110800/wrfout_d02_so2_zoomin_layer31_0.gif
https://caps.ou.edu/micronet/Brazil/Simulations/4.3.3/wrfchem4.3.3FNL025_2d_Peru_WACCMICBC_Sabancaya.2021110800/wrfout_d02_so2_zoomin_layer31_0.gif


Volcano emissions may not affect ambient air quality



Volcano affects ambient air quality through mountain-mediated 
transport

Volcano plumes exacerbate pollution
under certain conditions



Nighttime downward 
transport of 
SO2 plume, 6 cases
due to leeside gravity waves



Potential temperature 
corss-section

Nighttime gravity waves indicated by 
isentropes



Nighttime downward 
transport
Indicated by y-z plane-normal vorticity



Early mornings (7-8 local 
time) soundings

Near surface stability may prevent 
the SO2 plume to reach the surface



CH4 plume 
transported to the 
surface during 
daytime 

by convective boundary layer eddies



Dynamic processes isolated by idealized simulatioon

WRF/Chem Idealized simulation with only dynamic effects 



Part II Summary

1. Plumes from volcano Sabancaya can be transported to Arequipa through a 
series of advection and dispersion processes, thus exacerbating air pollution.

2. Sabancaya plumes can be captured by mountain Chachani and transported 
downward to Arequipa by nighttime downslope winds behind the gravity 
wave. 

3. Daytime convective boundary layer entrainment and dispersion further brings 
elevated plume over Arequipa to the surface. 


