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Why should we focus on air masses (in 
particular, lower tropospheric θe) ?

• Air masses are a fundamental quantity in both
weather and climate.

• The lower boundary of the coupling index (θe

difference between lower (850 hPa and dynamic
tropopause), or convective stability

• A crucial thermodynamic property that modulates

the rate of precipitation.

• θe is a conservative quantity.



Figure 1: Climatology of Northern Hemispheric 850 hPa ◊e and ◊ on the Dynamic Tropopause for a)

January, b) February, c) March, and d) April.

850 hPa ◊e composite (K, shaded), and ◊ (K) on the dynamic t ropopause (2-PVU surface, dashed)

contoured every 10K.

the Arct ic and spilling out towards both the Canadian archipelago and cent ral Canada, and towards

Siberia. This isalso apparent in theupper levelswith a climatological t rough over east / cent ral Canada.

The t rough in ◊e in eastern Canada is followed by a ridge in northwestern Europe. This t rough-ridge

couplet is associated with the semi-permanent Icelandic Low transport ing warm moist air to northern

Europe, and cold arct ic air to eastern Canada. The t rough-ridge couplet is apparent in the climatology

of the cold months, namely December, January, and February (Figs. 3d, 1a, and 1b, respect ively).

Another notable feature is the plume of high ◊e air located over the Ethiopian Highlands whose terrain

15

Figure 1: Climatology of Northern Hemispheric 850 hPa ◊e and ◊ on the Dynamic Tropopause for a)

January, b) February, c) March, and d) April.

850 hPa ◊e composite (K, shaded), and ◊ (K) on the dynamic t ropopause (2-PVU surface, dashed)

contoured every 10K.

the Arct ic and spilling out towards both the Canadian archipelago and cent ral Canada, and towards

Siberia. This isalso apparent in theupper levelswith a climatological t rough over east / cent ral Canada.

The t rough in ◊e in eastern Canada is followed by a ridge in northwestern Europe. This t rough-ridge

couplet is associated with the semi-permanent Icelandic Low transport ing warm moist air to northern

Europe, and cold arct ic air to eastern Canada. The t rough-ridge couplet is apparent in the climatology

of the cold months, namely December, January, and February (Figs. 3d, 1a, and 1b, respect ively).

Another notable feature is the plume of high ◊e air located over the Ethiopian Highlands whose terrain

15

Figure 2: Climatology of Northern Hemispheric 850 hPa ◊e and ◊ on the Dynamic Tropopause for a)

May, b) June, c) July, and d) August .

As in Figure 1 but for May, June, July, and August .

can reach 4.5 km. The terrain here reaches above the 850 hPa height , therefore, it could be a fict ional

signal, and a result of model physics. However, it could simply be the representat ion of the terrain

as an elevated heat source. This elevated heat ing could reduce the surface pressures, and promote

southerly flow, t ransport ing moist air from the ocean, creat ing high ◊e values.

In the upper-levels, ◊ on the DT suggests a st raight , st rong jet over the Pacific, and diffluent flow

off the east coast of North America. The atmosphere here is roughly equivalent barot ropic with the

contours of ◊ on the dynamic t ropopause, and ◊e at 850 hPa being parallel.

As the year progresses through Figure 2, the t rough of low ◊e over Canada recedes to the north.
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Figure 3: Climatology of Northern Hemispheric 850 hPa ◊e and ◊ on the Dynamic Tropopause for a)

September, b) October, c) November, and d) December.

As in Figure 1 but for September, October, November, and December.

There is a zonally symmetric increase in ◊e over cont inental Africa, in cont rast to the zonally asym-

metric increase in North America, with a dist inct plume of high ◊e air coming up from the Mexican

Plateau into thewestern United States. To thewest of this isa t rough in ◊e over theeastern subt ropical

Pacific. Overall, the gradient of ◊e decreases over North America, as expected in the summer months.

In the upper-levels, the isent ropes are loosely packed as a result of the reduced surface temperature

gradient .

The plume of high ◊e seen in Figure 2 is quite st riking. This st ructure is maximized in July and

August , with st rong gradients along the west coast of the United States. Here, the Mexican Plateau
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850-hPa θeclimatology for Montreal from January 1 through 
December 31 (mean-blue; standard deviation-red) 



Composites – Seasonal Extremes

• Used NCEP (National Centers for Environmental Prediction)
Reanalysis 2 from 1979-2011 to calculate θe. Applied 3-day running
mean.

• Selected top 10 θe (DJF, MAM, JJA, SON) events by ranking cases
based on their standardized anomalies.

• Created a 33-year weighted climatology based on the distribution
of the extremes (e.g, for DJF, 3 in December, 4 in January, and 3 in
February).

• Calculated anomalies relative to this weighted climatology, and
computed their statistical significance.

• Created lag composites of various fields leading up to t = 0h which
corresponds to the moment of peak θe for each case.

• Minimum thresholds were typically ~2 standard deviations above
climatology (~16 K during DJF and ~10 K during JJA).



Winter 
(DJF)

Composites of 10 most extreme cases of θe for Sea-level pressure (hPa, 
light contours), anomalies from climatology (hPa, shaded), and regions 
of anomaly exceeding the 99% confidence level (bold contours).
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Winter 
(DJF)

Composites of 10 most extreme cases of θe for 500-hPa heights (dam, 
light contours), anomalies from climatology (dam, shaded), and regions 
of anomaly exceeding the 99% confidence level (bold contours).
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Winter 
(DJF)

Composites of 10 most extreme cases of θe for soundings of temperature (deg C, solid), 
dewpoint (deg C, dashed), and wind. Climatological profiles are shown in red.
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Winter 
(DJF)

Composites of 10 most extreme cases of θe for back trajectories, ending in Montreal.
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Precipitable water (mm; climatology-blue; extreme cases-open 
circles)
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Relevance of extreme θe (air mass) to 
Extreme Precipitation)

• P = RD, where P is the total precipitation, and R is the
precipitation rate, averaged through the duration, D,
of the event.

• At extreme values of θe, there is an exponential
increase of precipitation rate, as a function of an
incremental change in θe.

• The air mass has much to do with the
precipitation rate!



• From the notes of Fred Sanders and the tribute monograph 
(Gyakum 2008):

–

• Ingredients within the equation

– Lift

– Temperature of the air mass 

– Static stability of the air mass (implicit within ω)
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Consider the air mass climatology for January:
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Consider the air mass climatology for January:



Consider the case of the Montreal Ice Storm of 

5-9 January 1998:

 More than 125 mm of 

freezing rain 

accumulation during a 5-

day period

 ~$4 billion in damages

 More than 25 fatalities, 

mostly from 

hypothermia

 900,000 without power in 

Quebec, 100,000 without 

power in Ontario



Maniwaki (6 Jan; 1200 UTC) sounding and January 1998 
1000-500 hPa thickness anomalies)

PW = 20.4 mm; climo = 6.5 mm 
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January 1998 Ice storm
trajectory analysis (Roebber
and Gyakum 2001)
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Finally….

• We find a statistically significant upward trend in 
850-hPa θe of 1.8 K per decade in the winter.

• From our previous analysis, an increase in θe of 
9.0 K (1.8 times 5) in 50 years time, from the 
extreme value of 309 K, yields 318 K

• Given all other conditions being identical, the 
1998 ice storm depth would be 165 mm in 2048, 
instead of 125 mm, as a consequence of climate 
change!



Conclusions – Seasonal θe extremes for 
Montreal

• Montreal located between statistically significant low and high pressure
anomalies to the west and east respectively. Creates anomalously strong
southerly geostrophic flow (winter).

• During summer, the anomalous surface flow is southwesterly.
• Upper level flow shows a strong meridionally oriented ridge, with a negatively

tilted trough (winter).
• Nearly moist adiabatic tropospheric lapse rates in all seasons, elevated dynamic

tropopause, and PW (about +20 mm) values.
• Anticyclonic trajectories in all seasons: from the Gulf Stream in winter and spring;

from the Gulf of Mexico in the autumn, and the continent in the summer.
• Duration/blocking regimes are a major factor in producing extreme precipitation, 

in the present and future climates.
• Enhancement of theta e with changing climate; provides an environment that 

exponentially enhances the precipitation rate.
• Extreme precipitation in Montreal is associated with air parcels being conditioned 

in the tropics in a huge anticyclone.
• Extreme precipitation in Montreal is associated with air parcels being conditioned 

in the subtropics in anticyclonic flow.
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