
12.307: Project 2

Fronts in the atmosphere

Talia Tamarin-Brodsky and John Marshall

The air mass over the pole is considerably colder (and dryer) than that over the equator. The most
active weather occurs in middle latitudes where the two air masses meet. The transition from cold to
warm is not smooth, but occurs quite abruptly in a region of high gradients, known as the polar front.
On the synoptic scale, fronts can be responsible for significant changes in the day-to-day weather,
while the polar front plays an important part in dictating the pattern of the large-scale flow.

1 Slope of a frontal surface following Margules

The Margules (1906) relation used to investigate the front in the lab experiment can be also used to
calculate the slope of a frontal surface in the atmosphere. Using the ideal gas equation, p = ρRT , and

the definition of potential temperature, θ = T (P0
P )

R
Cp (where R = 287 m2

Ksec2
is the dry gas constant

and Cp is the specific heat), the Margules relation can be written as

tan γ =
f(u2 − u1)

g θ1−θ2
θ

, (1)

where f ≈ 10−4 1
sec is the Coriolis parameter, and u1,u2 & θ1,θ2 are the zonal wind speed and potential

temperatures of the warmer (lighter) fluid ( ”1”) a nd t he c older ( denser) fl uid (” 2”), respectively 
(following the same notation we used in the lab), and θ can be taken as the average temperature.

1.1 Case study: The Polar Front of January 17, 2013

Here we are studying the polar front on January 17th, 2013 and make an analogy to the Front 
experiment we performed in class. 

Fig.1 shows an instantaneous map of the temperature (in Celsius) at 500 mb over the northern 
hemisphere on the 17th of January, 2013 12Z. The air to the south is warm, that to the north is 
cold with a pronounced middle latitude temperature gradient - the so called polar front. Note a 
strong north-south temperature gradient over the midwest region of the US. The same instantaneous 
hemispheric map is shown in Fig.2, plotting potential temperature (in K) instead of temperature 
itself. Read here for further (optional) reading on potential temperature.

Fig.3 shows a north-south vertical section of potential temperature along the 80W longitude on 
January 17th, 2013 at 12z. Please note that the x-axis is latitude and the y-axis is the ln(p) (mb), 
which is proportional to height. The frontal zone between the cold and warm air has been marked 
by shading in green air with temperature below 295 K. To the north note the dome of cold/dense air 
(in green) with the warm/light air sliding on top of it to the south. The contours show a north-south



Figure 1: Temperature (◦C) at 500 mb over the Northern Hemisphere on the 17th of January, 2013
12Z.

Figure 2: Potential temperature (K) at 500 mb over the Northern Hemisphere on the 17th of
January, 2013 12Z.



Figure 3: A north-south vertical section of potential temperature (in K, grey contours) and zonal
wind (W-E) (in ms−1, blue contours), along the 80W longitude on January 17th, 2013 at 12z. Green
shading denotes potential temperature below 295 K.

section of the zonal wind (W-E) (in ms-1). Note that the wind increases rapidly with height with a
maximum around 250 mb.

Use the Margules equation to estimate the slope of the frontal surface, and compare to a direct
calculation of the slope by estimating the height and horizontal scale of the front. Does the Margules
equation give a good prediction to the slope?
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4 Temperature Advection and Variance

In the previous section, we examined the climatological mean temperature structure. We can define
temperature anomalies T ′ as deviation from that climatology, i.e.:

T ′ = T − Tclim, (2)

where Tclim = T is the averaged temperature.

The temperature anomalies that we experience on a daily basis are closely related to passing cyclones
and anticyclones, and similarly have typical timescales of a few days.

In a climate sense, we can quantify the strength of fluctuations around the average temperature
using the variance (T ′2), the average of the square of T ′ (note that by definition, T ′ = T − Tclim =
T − Tclim = 0). The temperature variance is a measure of the spread of temperatures around the
mean.

Considering the Lagrangian derivative of temperature, and assuming that it is nearly conserved
(which is not generally correct), we can write-

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
= 0. (3)

Assuming further that:

T ′ << T, temperature anomalies are smaller than the mean temperature, (4)

∂T

∂x
<<

∂T

∂y
, meridional temperature gradient is larger than the zonal gradient, (5)

v << U, is the mean meridional velocity is smaller than the mean zonal velocity, (6)

Eq. (5) reduces to

∂T ′

∂t
≈ −v′

∂T

∂y
. (7)

Noting further that v′ = dη′

dt , where η′ is the displacement of the air parcel, and approximating

v′ ≈ ∂η′

∂t , we can write

T ′ ≈ −η′
∂T

∂y
. (8)

Thus, temperature variance is proportional to the square of the meridional temperature gradient,

T ′2 ∼ (
∂T

∂y
)2. (9)



4.0.1 Temperature-Variance Exercise:

1) How justified are the assumptions we made in deriving the relation given in (11)? Can you verify
the assumptions given in (7) and (8) using the EsGlobe?

2) We will be using data of near-surface temperature (T2m, the temperature 2-meters above the
ground) from 7 state-of-the-art global circulation models, which are used in current research to
study our climate and its projected changes. The data cover the period of 1980-2014 for the historical
simulations, and for 2065-2099 for the projected climate. The data you will be working with is based
on 3-hourly near-surface temperature data, downloaded from https://aims2.llnl.gov/search/cmip6/.
It is pre-processed such that it contains the mean temperature and the temperature variance as a
function of longitude, latitude, year, and model. 1,

Go to the course website (2nd project, Observation Data page) and download the zip folder ”tem-
perature variance”. Unzip the files and put them in the same folder. Run the file plot T2m.m (in
MATLAB) or plot T2m python.py (in python). This should produce a figure showing the historical
mean T2m data for one model in the first data year. Now, modify the script so that it calculates the
mean over all models and all years, and plot the historical mean T2m, historical T2m variance, and
their projected changes. There are some further instructions on the script.

3) Questions:

- What do you find for the T2m mean temperature and variance in the historical simulations? Is it
similar to what we saw in class for the 850mb level?
- What do the projected mean temperature and variance show? Can you explain this response using
temperature advection arguments?
-Optional: Examine the model-to-model spread and the year-to-year variability of global mean tem-
perature. Do all models agree on the changes? Can you observe a trend in the historical/projected
data? Is the trend larger than the year-to-year variability?

1The models used are: CMCC-CM2-SR5, CanESM5, MIROC-ES2L, MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR,
and MRI-ESM2-0

https://aims2.llnl.gov/search/cmip6/
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