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Scale analysis for hydrostatic balance revisited (Schubert 5.1, Vallis 2.7)

We saw earlier (section 1.6), that for a static background state hydrostatic balance represents a
very good approximation. How well does this hold for large-scale atmospheric or oceanic flows?

Assume a background state in hydrostatic balance that is a function of z only and decompose
pressure and density into a background and a perturbation component: p(x, y, z, t) = p
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We now see why the scaling presented in section 1.6 was too naive: whether hydrostatic balance
represents a good approximation from a dynamical point of view depends on the magnitude of
⇢�1

0

@zp
0, which is generally much smaller than ⇢�1@zp.

Introducing typical scales as before, we have for the horizontal momentum equations:
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For the vertical momentum equation we have:
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In order to evaluate whether Dw/Dt can be neglected, an appropriate scaling for p0 must
be determined from the horizontal momentum equations. We need to distinguish two cases:
f . 1/T (neglect Coriolis terms) and f & 1/T (neglect advection term):

• f . 1/T : from the horizontal momentum equations we obtain p0 ⇠ ⇢
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which is less strict since we already assumed fT & 1 in this case.

In both cases, hydrostatic balance (i.e. neglecting Dw/Dt in the vertical momentum equation)
represents a good approximation for flows of small aspect ratio. Hence, the hydrostatic approx-
imation is a small aspect ratio approximation. Note how in the above second case rotation
strengthens the hydrostatic approximation.
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Figure 5.14: Warm columns of air expand, cold columns contract, leading to a tilt
of pressure surfaces, a tilt which typically increases with height in the troposphere.
In Section 7.3, we will see that the corresponding winds are into the paper, and as
marked by ¯ in the figure.

which depends on T averaged over the layer. Atmospheric layers are ‘thick’
in tropical regions because they are warm and ‘thin’ in polar regions because
they are cold, leading to the large-scale slope of pressure surfaces seen in
Fig.5.12. Moreover, if tropical columns are warmer than polar columns at
all levels, then the tilt of the pressure surfaces must increase with height,
as sketched in Fig.5.14 and seen in the observations, Fig.5.13. We will see
the importance of this fact when we discuss the distribution of atmospheric
winds in Chapter 7.

5.3 Moisture

As discussed in Sections 1.3.2 and 4.5, the moisture distribution in the at-
mosphere is strongly controlled by the temperature distribution: the at-
mosphere is moist near the surface in the tropics where it is very warm and
drier aloft and in polar latitudes where it is cold. As shown in Fig.5.15, the
specific humidity, defined in Eq.(4.23), reaches a maximum (of around 18 g
kg−1) at the surface near the equator and decreases to much lower values

Fig. 5.14, Ch. 5 of MIT POAC notes: http://paoc.mit.edu/labweb/notes/chap5.pdf

http://paoc.mit.edu/labweb/notes/chap5.pdf








mum, that is, the eddy-driven jet. The situation is al-
tered for the Pacific sector, where the node of the first
EOF lies north of the surface westerly wind maximum.
Thus, the relationship between the leading EOF and
sector-averaged zonal flow changes between the Atlan-
tic and Pacific sectors. This is revealed in Fig. 4, which
shows a composite analysis of the vertical-average
zonal-mean zonal wind for the Atlantic and Pacific sec-
tors. Days when the standardized PC1 time series is
greater than 1 (less than !1) are averaged together to
form the high (low) index state. [We choose the sign of
the PC time series and EOFs such that the high (low)
index state refers to days when the eddy-driven jet lies
north (south) of its time-mean position.] In the Atlantic
sector (Fig. 4a) the latitude of the jet maximum shifts
from 53°N during the high index phase to 37°N in the
low index phase, but the amplitude of the jet stays
nearly constant. Therefore, EOF1 in the Atlantic sector
denotes latitudinal shifting of the jet. In the Pacific sec-

tor, the position of the jet maximum also shifts between
the high and low index phases (Fig. 4b). In addition, the
amplitude of the Pacific jet changes between the high
and low index phases, with the jet becoming much
stronger during the low index phase. Thus, EOF1 in the
Pacific sector depicts both a shifting and a pulsing of the
jet; while in the Atlantic sector, EOF1 describes only a
shifting of the jet. Therefore, the variability character-
ized by the leading EOF of the zonal-mean zonal flow
is not the same at all longitudes.

Two different perspectives exist concerning the vari-
ability of the Northern Hemisphere (Wallace 2000;
Thompson et al. 2002). In the annular mode perspec-
tive, the variability of the Northern Hemisphere is seen
as being analogous to the variability of the Southern
Hemisphere. In the regional perspective, Northern
Hemisphere variability results from locally occurring
dynamics, and the observed annular structure of the
leading mode of variability emerges merely as a statis-
tical artifact.

Ambaum et al. (2001) and Deser (2000) found that

FIG. 3. As in Fig. 2, but for the Pacific sector.

FIG. 4. Atlantic and Pacific sector vertical-average zonal-mean
zonal wind composites.
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North Pacific zonal-mean zonal winds
(from Eicrhelberger and Hartmann, 2007)

COLDWARM



478 Chapter 11. The Overturning Circulation: Hadley and Ferrel Cells

0

10

20

30

290

200

210

220

220

230

250

210

270

220

Z
 (

k
m

)

0

20

0

10

-5

 5(
)

U
 (

m
/s

)

Annual Mean

Latitude

-80            -40                0               40              80

(a)

(b)

0

10

20

30

230 200

210

220

240

260

210

280

230
220

0

20

Z
 (

k
m

)

10

U
 (

m
/s

)

-10

0

Summer                                                                         Winter

Latitude

-80            -40                0               40              80

(c)

(d)

Fig. 11.2 (a) Annual mean, zonally averaged zonal wind (heavy contours
and shading) and the zonally averaged temperature (lighter contours). (b)
Annual mean, zonally averaged zonal winds at the surface. (c) and (d) Same
as (a) and (b), except for northern hemisphere winter (DJF). The wind con-
tours are at intervals of 5 m s�1 with shading for eastward winds above
20 m s�1 and for all westward winds, and the temperature contours are la-
belled. The ordinate of (a) and (c) is Z D �H log.p=p00/, with scale height
H D 7:5 km.

DJF 
(winds & temperatures)

Vallis, Figure 11.2
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FIG. 1. Climatological zonal mean zonal (top) winds and (bottom) temperatures for (left) Jan and (right) Jul. Zonal winds are from the
URAP dataset (contour interval 5 m s21, with zero contours omitted). Temperatures are from METO analyses (1000–1.5 hPa), and a
combination of HALOE plus MLS data above 1.5 hPa (see SPARC 2002). The heavy dashed lines denote the tropopause (taken from NCEP)
and stratopause (defined by the local temperature maximum near 50 km).

near 108S (mostly from Ascension Island at 88S), and
near 108N (mostly from Kwajelein, Marshall Islands,
at 88N and Fort Sherman, Panama, at 98N). Based on
this sampling, there are approximately 100–300 pro-
file observations in each monthly bin, depending on
latitude and altitude. Vertical sampling is made on the
UARS pressure grid (six levels per decade of pres-
sure).
Two important considerations apply to the com-

parisons of rocketsonde data with global analyses.
First, the time periods compared here for the data are
different (1992–97 for the analyses, and 1970–89 for
the rocketsondes). This is most important for tem-

peratures in the upper stratosphere and mesosphere,
which have experienced strong cooling (of order 2 K
decade21 near the stratopause, and possibly larger in
the mesosphere) during the recent decades (Dunker-
ton et al. 1998; Ramaswamy et al. 2001). A large part
of the observed rocketsonde analysis differences in
these regions can be attributed to this cooling. Second,
the monthly samples from analyses are based on zonal
and monthly means of daily data, whereas the rock-
etsonde statistics are derived from infrequent samples
at specific locations, taken over many years. Thus,
variability levels for the rocketsonde means are sig-
nificantly larger. Estimates of the standard error for
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Randel, Udelhofen et al. (2004)

http://www.sparc-climate.org/data-center/data-access/reference-climatologies/randels-climatologies/
temperature-wind-climatology/

http://www.sparc-climate.org/data-center/data-access/reference-climatologies/randels-climatologies/temperature-wind-climatology/
http://www.sparc-climate.org/data-center/data-access/reference-climatologies/randels-climatologies/temperature-wind-climatology/


What differences might you 
expect in the jet-stream between 

summer and winter based on 
thermal wind balance?
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