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Because convective cloud systems generally have strong 
interactions with boundary layer circulations and 
thermodynamics, the boundary layer wind and 
thermodynamic fields contain a great deal of information 
about convective cloud systems and their interactions with 
the boundary layer. We are in the process of “retrieving” 
this information from 15 years of 5-minute Oklahoma 
Mesonet data and hourly Arkansas Basin River Forecast 
Center (ABRFC) gridded precipitation data.

We have already demonstrated that estimates of cloud 
base updraft and downdraft mass fluxes can be retrieved 
from the surface divergence field. We are currently 
developing a method to estimate rain evaporation in 
convective systems from cold pool surface pressure 
perturbations. In the 1950s, Fujita identified meso-highs in 
his mesoanalyses and linked them to cold pools produced 
by rain evaporation (Fujita 1959). We have extended 
Fujitaʼs (1959) method for estimating rain evaporation from 
the hydrostatic surface pressure anomaly.

Estimating Rain Evaporation in Convective Systems from 
Cold Pool Surface Pressure Perturbations

Motivation Results ResultsResults

Early in his career, Fujita noticed that the largest signal in 
surface weather patterns occurred in connection with deep 
convection. Through detailed and insightful analyses of 
surface data, Ted Fujita unraveled many of the mysteries of 
severe storms.

In a 1959 paper, Fujita proposed that a dome of cold air is 
produced by the evaporation of raindrops falling beneath 
the cloud base. He showed that, for a specific scenario, the 
excess mass of cold air is directly proportional to the the 
mass of evaporated rain. We show that Fujita's formula for 
this relationship applies in general.

Schematic diagram of cold pool development (Tompkins 2001).
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• Perform mesoanalyses to determine pressure excesses.
• Compare retrieved rain evaporation to "maximum 
possible."
• Use CRM simulations to do OSSEs (Observation System 
Simulation Experiments).Approach pt = ps,f exp
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FIG. 12. As Fig. 11 but calculated for the wake centers. FIG. 13. As Fig. 11 but calculated for the points corresponding to
the last 33% of the wake radius lying inside the gust front, using the
1D compositing technique. The composite is here calculated between
the time of cold pool detection and the time at which the maximum
radius is achieved (i.e., decaying phase ignored). The 44 wakes that
require at least 1 h to achieve their respective maximum radii are
composited.

FIG. 14. Schematic diagram of cold pool development. (A) A deep convective tower develops,
moistening and cooling the subcloud layer through the evaporation of rainfall, air that already
had high !

e
values. (B) As convective tower matures, downdrafts introduce cold, dry air into the

boundary layer, and the moist band is advected at the edges of the newly formed cold pool. (C)
Convective system dissipates, leaving cirrus remnants. The edges of the cold pool have already
recovered in temperature due to the action of surface fluxes, and are able to trigger new convection.
In the wake of the downdraft, environmental air is entrained into the boundary layer, causing the
fast recovery of the temperature to prewake conditions, but increasing the moisture perturbation.

of the (buoyancy defined) cold pool is always moister
than the boundary layer mean. After the initial 30 min,
the water vapor perturbation remains constant at about
0.2 g kg"1.
Figure 13 thus confirms that the high vapor contents

on the edge of cold pools, and the associated high values
of CAPE observed by Tompkins (2001), are in fact not
the result of recovery through surface fluxes, but are
the product of a more complicated process, produced
schematically in Fig. 14. The air that seeds cumulus
clouds is already by definition moister than average,

with higher !
e
values, as already seen in TOGA COARE

observations (Kingsmill and Houze 1999). The bound-
ary layer below convection is moistened and cooled by
the evaporation of precipitation, before the convective
downdraft itself reaches the boundary layer, exactly as
observed by Betts (1984). This explains the apparent
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sure area within which tornadoes germinate. Figure 6

contains an example of such a couplet in southeastern

Colorado, but a more detailed analysis was prepared

in connection with a study by Fujita (1958a) of the

Illinois tornadoes of 9 April 1953 (Fig. 7). Combining

time-to-space converted pres-

sure data with 3-cm radar data,

Fujita was able to demonstrate

that a prominent mesolow was

associated with the tornado (the

hook echo in Fig. 7) and the

mesohigh with the intense rain-

fall area to the north.

While mesoscale pressure

couplets were often identified

with tornadic storms, Fujita et al.

(1956) observed that they could

occur on a variety of scales. The

small couplets were often asso-

ciated with tornadoes, whereas

the larger ones were found with

squall mesosystems. The larger

lows, first termed wake depres-

sions by Fujita (1955) and

mesolows by Fujita et al. (1956),

were later called mesodepressions

by Fujita (1963). As mentioned

earlier, Fujita (1963) admitted

that the original explanation for

mesodepressions—an analogy

to obstacle flow—was incorrect;

however, he did not offer an al-

ternative explanation. At about

the same time, Pedgley (1962)

had analyzed a squall line pass-

ing over England on 28 August

1958 that had the same charac-

teristic surface pressure patterns

reported by Fujita (1955, 1963).

Pedgley (1962) referred to the

trailing low pressure area behind

the squall line as a wake low, a

term now generally accepted for

this phenomenon. However,

Pedgley also could not offer an

adequate explanation for the

wake low. Rather, he suggested

the obstacle-flow idea of Fujita

(1955) as one possibility and, as

another, the hypothesis put for-

ward by Brunk (1953) that the

tops of towering clouds may generate gravity waves

on the tropopause, which would then produce pressure

fluctuations at the ground.

An important extension of Fujita’s early analyses

of surface mesonetwork data was the eventual incor-

FIG. 4. Fujita’s early model of squall-line circulation: DWD = downdraft, UPD = updraft.

From Fujita (1955).

FIG. 5. Typical isobar patterns of squall mesosystems obtained by combining the basic

field and excess pressure patterns. Letters C, F, and W designate the basic fields: cold sec-

tor, on the front, and warm sector, respectively. The various systems go through stages 1–4

from left to right. From Fujita (1963).

∆m ≡ ∆p

g
=

Le∆Q

cpTi

[
ps,i

ps,f − pt
log

(
pt
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)]

We related the surface pressure excess (mass per 
unit area),    , to the mass per unit area of rain 
evaporated, 

Cold dome and meso-high (Fujita 1955).

We can estimate the pressure at the top of the 
cooled column,   , from surface measurements of 
temperature and pressure in the cold pool and in the 
environment:

The pressure excesses are closely related to 
DCAPE (Downdraft Convective Available Potential 
Energy), but not to LCL (Lifting Condensation Level).

We tested our estimate of the cooled column depth for 
various scenarios.

Careful mesoanalysis is 
required to determine 
the excess pressure.

(Fujita 1959)

Processes other than rain evaporation can contribute 
to changes in surface temperature and pressure.
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Maximum rain evaporation and pressure excesses 
occur when a mixed layer is cooled to its wet-bulb 
temperature at all levels from the surface to the LCL.

(Fujita 1959)
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We calculated the pressure excesses for these 
conditions for a range of surface temperatures and 
relative humidities. The pressure excesses are 
proportional to rain evaporation, as expected. 

Under typical conditions: ∆m ≈ 9∆Q
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