
The evolution of an inert tracer, q, is governed 
by the advection-diffusion equation:

where uh is the wind within an isentropic 
surface,  θ is the potential temperature, and κ 
is the diffusivity parameter in the isentropic 
(i) or diabatic (d) direction.

The small-scale diffusive processes are 
represented on the right hand of the 
equation. Isentropic diffusion is commonly 
conceptualized and modeled to halt the 
cascade of tracer variance.  However, in a 
baroclinic flow tracer filaments are tilted 
with height. This tilt highlights the compact 
tracer gradient in the vertical (diabatic) 
direction.

The figure below, left shows a filament of 
tracer on the 700K isentropic surface. The 
filament is being extracted from a region of 
high concentration at the pole. The figure 
below, right shows that this filament also 
has compact vertical structure. The slope 
of this filament matches that expected from 
quasi-geostrophic theory, f/N, where f is 
the Corilois parameter and N is the stability 
parameter.

We assess the impact of explicit isentropic 
and diabatic diffusion by separately applying 
each to a simulation of tracer transport 
within a winter stratospheric circulation. 
Our simulations use a simplified general 
circulation model, run with Held-Suarez 
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SUMMARY

The small-scale diffusive processes 
that terminate the cascade of variance 
are commonly conceptualized and 
modeled as occurring along quasi-
horizontal surfaces.  However, in the 
atmosphere and ocean the large-scale 
flow inherently contains vertical wind 
shear and, as a result, tracer filaments 
that are tilted with height.
 
We use theoretical developments and 
numerical simulations to show that 
the compact vertical scales created in 
baroclinc flow allow tracer variance 
to be destroyed by vertical (diabatic) 
diffusive processes. The destruction 
of tracer variance is thus independent 
of the direction of applied diffusion 
(horizontal or vertical).

In the atmosphere and ocean, tracers 
are mixed by the large-scale chaotic 
flow. In this process, the shape of an area 
with high concentration of tracer, q, is 
contorted. The shape of tracer contours 
are continually deformed by the flow, 
becoming increasingly stretched and 
filamentary. When the contour becomes 
sufficiently narrow, small-scale diffusive 
processes erode away the gradient of 
tracer concentration. This entire process 
represents the cascade of tracer variance 
from large to small scales, which ends  
with the ultimate dissipation of variance. 

Ongoing research aims to further evaluate 
GEOS-Chem with the data of Husain et al. 
(2008), improve the spatial resolution of 
our results, and isolate the climate impact of 
early 20th-century aerosols on continental 
to hemispheric scales. 

boundary conditions (Held and Suarez, 
1994). Our simulation generates a realistic 
polar vortex and stratospheric circulation 
(Gerber et al., 2009). The simulation 
contains horizontal resolution of T85 (~155 
km) and 100 vertical levels (~0.8 km).
 
We assess the impact of explicit diffusion 
by calculating the effective diffusivity, Keff, 
following the framework of Nakamura 
(1996, 1998) and its application to the 
stratosphere by Haynes and Shuckburgh 
(2000). Effective diffusivity quantifies the 
net transport of a tracer. If diabatic diffusion 
halts the cascade of tracer variance as well 
as isentropic diffusion, then the they will 
produce the same effective diffusivity.

The figure above shows the effective 
diffusivity when explicit isentropic (top) or 
diabatic (bottom) diffusion is applied. The 
black contours indicate zonal windspeed. 
Note the strong polar vortex, a barrier 
against net transport. Both simulations 
capture this region of low effective 
diffusivity and enhanced transport within 
the mid-latitude “surf zone.”

While the application of explicit isentropic 
and diabatic diffusion have similar impacts 
on the cascade of tracer variance, significant 
differences exist. However, theory suggests 
that they should have identical impacts. 
Additional research is currently being 
undertaken to better resolve the fine 
structures necessary to completely assess 
the cascade of tracer variance. 
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SUMMARY

US aerosol concentrations peaked in the 
1980s and have since been decreasing 
due to ongoing regulation of direct and 
precursor sources. Black carbon (BC) is 
of particular interest due to its ability 
to absorb solar radiation and warm the 
atmosphere. 

Despite intense interest in the 
regulation of black carbon, present day 
US emissions are comparatively low. 
Historical emission inventories suggest 
a peak of US BC in 1920, with emissions 
more than 3 times greater than present. 

This large abundance of black carbon 
produced a radiative forcing of ~+1 
W/m2 in the northeastern US. The net 
aerosol radiative forcing in 1920 is 
estimated to be roughly neutral, but 
with significant surface dimming and 
atmospheric heating.

Recent emission inventories and the 
GEOS-Chem model underestimate BC 
deposition compared to lake sediment 
records. The climate forcing of BC may  
be greater than currently estimated.
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Short-lived species influence regional 
climates due to their interaction with solar 
and thermal radiation. Aerosols are one of 
the most uncertain of the short-lived climate 
forcing agents due to questions surrounding 
their sources, chemistry, atmospheric 
burden, radiative properties, and influence 
on cloud properties. The net effect of 
present-day aerosols is to cause cooling, i.e., 
a negative radiative forcing.

Significant reductions of aerosol sources 
have occurred in North America and Europe. 
These reductions have been  independent 
of climate concerns and instead focused on 
air quality improvement. Black carbon (BC) 
is a common target in proposed regulations 
since it causes climate warming through its 
absorption of solar radiation. 

However, BC emissions have already fallen 
to less than a third of their peak amount 
in 1920. The figure below shows emission 
data from Lamarque et al. (2010). US BC 
emissions climaxed in 1920, coinciding with 
a switch from domestic energy production 
through coal and biomass to centralized 
power generation.
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Here I estimate BC radiative forcing 
within the US through simulations of 
the Goddard Institute for Space Studies 
General Circulation Model 3 (GISS Model 3). 
GISS Model 3 uses monthly mean aerosol 
distributions archived from a full chemistry 
GEOS-Chem simulation. 

The 1920 annual mean top-of-the-
atmosphere radiative forcing of BC averages 
+1 W/m2 across the northeastern US, with 
local values reaching up to +2 
W/m2 (figure, above right). The well-mixed 
greenhouse gases provided an estimated 
radiative forcing of +0.4 W/m2 over the 
same period. In isolation, the forcing from 
BC was strong enough to create a significant 
positive aerosol radiative forcing. However, 

 Annual Mean BC Radiative Forcing (W/m2) - 1920

     -2.00 -1.00 0.00 1.00 2.00

 

 Annual Mean BC Surface Radiative Forcing (W/m2) - 1920

     -3.00 -1.50 0.00 1.50 3.00

 

the forcing of BC is closely matched by the 
negative forcing of sulfate. Estimated  1920 
SO2 emissions are comparable to present-
day emissions, providing roughly -1 W/m2 of 
forcing over the northeastern US. 

The climate impacts of BC, however, are  
still significant. In the annual mean, BC 
caused surface insolation to decrease by 
up to 3 W/m2 (figure, below), indicating 
upwards of 5 W/m2 being absorbed by 
the atmosphere. The study of the climate 
impacts of 1920 levels of BC is ongoing.

Husain et al. (2008) collected sediment 
records from four “pristine” lakes in the 
Adirondack region of New York. The lakes 
were chosen for their isolation and lack 
of local sources of BC. From the sediment 
record, Husain et al. (2008) have compiled 
estimates of black carbon deposition (red 
data, below). 

Similar to Koch et al. (2011), BC deposition 
(blue data, below) in the early period 
(1850) is too large within GEOS-Chem 
(red data). This suggests an overestimate 
of background concentrations of BC. The 
model also underestimates BC deposition 
by about a factor of three in 1920, With 
deposition rates lower than observed 
throughout the US. This indicates that 
emissions are likely too low and the climate 
impact of BC during the early 20th-century 
is larger than currently estimated.


