
Marine Boundary Layer 
Aerosol Variability: 
A Budget Approach

1) Motivation
• Aerosol particles in the marine boundary layer 

(MBL) have a strong radiative cooling effect by 
affecting cloud microphysical properties

• There is a pronounced seasonal cycle in 
aerosol concentrations with the summer 
mean concentration in the remote north-east
Pacific stratocumulus-topped MBL nearly 
double the winter value (fig. 1, 145W-130W)

• This region is of particular interest as cloud
morphology in this region has been shown
to be particularly sensitive to aerosol 
(e.g. Sandu and Stevens, 2011)

• Using a simple model representing key aerosol-controlling processes, we explore the 
extent to which each process is responsible for observed seasonal differences

3) Data
Seasonal averages for summer and winter are calculated for each of the terms in Eq. 2, and 
shown in Table 1. These are used to estimate summer/winter values of Na, which are then 
compared to the observed values of Na. Campaigns and variable derivations below:

•

• MAGIC (Marine ARM GPCI Investigation of Clouds): Sept 2012-Sept 2013, 40 ship cruises 
(Los Angeles, California-Honolulu, Hawaii)

• KAZR (Ka ARM Zenith Radar): used to derive cloud-base precipitation rates from reflectivity
• UHSAS (Ultra-High Sensitivity Aerosol Spectrometer): aerosol size distribution, 60-1000nm
• MAGECMWF campaign reanalysis

• CSET (Cloud System Evolution in the Trades): July-Aug 2015, 16 flights CA-HI 
• Remote/in situ cloud and aerosol sampling from near-surface to lower free-troposphere in 

northeast Pacific remote MBL , including UHSAS instrument

1. Pcb derived using Z-R based on max Z (<3000m) from KAZR
2. we derived using mass budget, reanalysis subsidence and ∇zi

3. zi derived using Heffter method on reanalysis and MAGIC sondes
4. Nft based on NASA MERRA (Modern Era Retrospectic Analysis for Reasarch and 

Applications) aerosol reanalysis, using CSET UHSAS F.T. aerosol obs to bias correct
5. U·∇Na calculated using MODIS monthly cloud droplet number concentration gradient as a 

proxy for accumulation mode aerosol, and reanalysis wind

5) Attribution/Sensitivity
To assess how much of the summer-winter difference in Na is due 
to each variable, we use local method to estimate sensitivity of Na

to a variable (e.g. U10) under both summer and winter conditions, 
weighted by seasonal difference in e.g. U10, expressed as fraction
of total change in Na (see eq. 3).

• Similar analysis, but weighted by sampling uncertainty in variables instead of seasonal 
difference, allows for assessment of contribution to modeled aerosol uncertainty

• Uncertainty in the seasonal mean of advection accounts for 22% of modeled aerosol 
uncertainty, followed by free-tropospheric aerosol conc. (19%) and precip. rate (16%)

6) Conclusions
• A simple steady-state model based on a 4-term budget reproduces the bulk of aerosol 

concentration seasonal differences
• Higher winter precipitation is responsible for the majority of the modeled differences
• A Lagrangian framework would eliminate the advective term, which is responsible for a 

large portion of the model uncertainty and seasonal difference
• Some of the missing seasonality may be captured by including growth/secondary 

formation terms
• Other processes may dominate aerosol variability at shorter timescales; subseasonal 

analysis (not shown) suggested a more important role of boundary layer depth and free-
tropospheric aerosol
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Summary:

• We derive a simple steady-state model for marine boundary layer (MBL) 
aerosol particle concentration based on an aerosol budget equation

• The model successfully reproduces most of the observed seasonal 
differences in MBL aerosol from the MAGIC field campaign

• We find that seasonal differences in precipitation are the largest driver of 
the observed aerosol number concentration seasonality 

Measurement Symbol Instrument, 
Campaign/Model

units Summer 
mean

Winter 
mean

Obs. BL aerosol conc. Na UHSAS, MAGIC cm-3 101 ± 4 56 ± 3

Cloud-base precip.1 Pcb KAZR, MAGIC mm day-1 0.68 ± 0.04 1.08 ± 0.08

10-m wind speed U10 marmet, MAGIC m s-1 7.6 ± 0.3 6.8 ± 0.5

Entrainment rate2 we MAGECMWF mm s-1 5.5 ± 1.0 3.4 ± 0.8

BL depth3 zi MAGECMWF m 1620 ± 90 1880 ± 100

FT aerosol conc.4 Nft UHSAS, CSET/MERRA2 cm-3 97 ± 4 104 ± 10

Cloud thickness h MAGECMWF m 212 ± 6 201 ± 6

Aerosol advection5 U·∇Na MODIS + ECMWF cm-3 day-1 10.4 ± 2.2 5.5 ± 0.9

4) Results: Steady State Aerosol Model

• Model captures 70% of 
observed seasonal difference

• Higher wind speed, greater 
advection, less precipitation,
and stronger entrainment all 
contribute to higher modeled
summer aerosol

• Cross-inversion aerosol
gradient is much stronger
in winter, negligible in 
summer in both model and observations

Figure 1: Aerosol longitudinal gradient for
accumulation mode aerosol number
concentration Na (80nm- 1 µm) showing
summer and winter aerosol values in the
northeast Pacific (NEP) taken from the
MAGIC campaign (see Box 3)

2) Deriving a Steady-State Model

• Growth and secondary formation terms are neglected along with dry deposition; error is 
minimized by considering accumulation mode aerosol particle number (80 nm - 1 µm)

• Precipitation-driven loss through coalescence is estimated following Wood (2006)
• Free-tropospheric entrainment is estimated 

using the entrainment rate and cross-
inversion aerosol concentration gradient

• Surface fluxes are estimated based on 
10 m wind speed using Clarke et al. (2006);
F(dcrit) is integrated aerosol source function
for assumed supersaturation of 0.2%

Equation 1: Budget for MBL-averaged Na: surface source, free-tropospheric
entrainment, growth, dry deposition, precipitation loss, and secondary formation

Equation 2: Assuming that considered seasonally,
aerosol concentrations are in steady state, we can
rearrange the budget and predict the mean-state
MBL aerosol concentration (definitions in Box 3)

Table 1: Input variables for Eq. 2. Uncertainty is std. dev. of bootstrapped estimate of seasonal mean

Variable name Summer

effect

Winter

effect

Mean

MBL depth zi -11% -6% -9%

10m wind speed U10 20% 16% 18%

F.T. aerosol conc. Nft -14% -9% -11%

Cloud-base precip. Pcb 72% 48% 60%

Entrainment velocity we 1% 30% 16%

Cloud thickness h -7% -7% -7%

Advection U·∇Na 31% 37% 34%
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Equation 3: percent of
observed difference in Na

due to variable x. T can be
summer or winter

Table 2: Effect of changing variable x from
winter to summer value. Positive value of e.g.
20% indicates that 20% of modeled
summer/winter aerosol difference is due to
that variable. Negative values indicate that
variable effect is opposite to total
summer/winter difference (e.g. cloud
thickness is higher in summer, which should
increase precipitation removal)

Figure 2: Steady state model results:
Left panel shows concentration for
observed and modeled BL Na, and
observed Nft. Right panel shows
tendency terms for each budget
term considered in the model
(wind-driven surface flux, free-
tropospheric entrainment, loss from
precipitation, and boundary layer
advection), necessarily in balance.
Light colors: model output
Dark colors: input/observations


