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component, it is imperative that the pressure tendencies

be sufficiently small such that the geostrophic wind

calculations were nearly unchanged during the observ-

ing period. The geostrophic wind centered finite differ-

ence method required three dropsonde profiles to be

used, which took a total of 14min on average for col-

lection. The change in geostrophic wind was calculated

at the LLJ profile by first calculating the pressure ten-

dency in ERA5, then dividing by the model grid spacing

to obtain the geostrophic wind tendency, and finally by

multiplying it by the particular time it takes to release 3

dropsondes in each of the 24 transects. The result was an

average change in the geostrophic wind ofDyg5 0.4ms21.

Note that this is equivalent to taking the time tendency of

(1) and multiplying by Dt. Since the result is much smaller

than the observed ageostrophic winds (as will be shown), it

follows that pressure-tendency corrections are not required

sincepotential nonstationaritywill not substantially bias the

results presented here.

3. Observations of the ageostrophic component
of the LLJ

a. Characterization

The 24 flight transects studied are overlaid onto their

associated ARs in the thumbnail images in Fig. 1.

Clearly, the set has substantial variety in terms of the

AR strength, curvature, size, and latitude. The cases also

have substantial variability in the strength of the LLJ

(ranging from 21 to 44ms21) as well as the height

(ranging from 400 to 1500m, Table 1). Despite this va-

riety, the cases all feature transects across regions of

strong water vapor transport.

The composite of the 24 transect-normal (y0) and

transect-parallel (u0) wind fields, shown in Fig. 2, illus-

trates the characteristic environment within the AR.

The vertical coordinate was normalized, prior to com-

positing, by dividing the true height by the LLJ height in

each transect, thus creating unitless y axes in both Figs. 2

and 3. This procedure preserves the LLJ maximum,

which would otherwise be smoothed out when LLJs of

different heights were averaged together. However, the

vertical coordinate can be approximately returned to

dimensional units by multiplying the y axes by the av-

erage LLJ height (about 1000m). A comparison of fig-

ures with normalized height (Figs. 2 and 3) and those

without (not shown) indicates that important features

such as the sharpness of the cold front are not drastically

altered by the normalization process. For the purpose of

display, a five-point local smoother was applied after all

calculations were performed; comparison of smoothed

and unsmoothed composites indicates that smoothing

does not substantially alter the composites.

There are five apparent features worth noting in

Fig. 2: (i) the intense LLJ of about 30ms21 centered at

distance5 0 km and height5 1 and located on the warm

FIG. 2. Transect composites, normalized vertically by LLJ height, for (a) transect-normal (into the page) wind

speed (color fill; m s21) and (b) transect-parallel (across the page) wind speed (color fill; m s21), with both plots

having equivalent potential temperature (solid black; K).
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side of the cold front, (ii) a sharp equivalent potential

temperature gradient seen on the cyclonic or northwest

side of the LLJmarking both the cold front andmoisture

gradient, (iii) the region of low-level cross-frontal wind

convergence on the cyclonic side of the LLJ at the cold

frontal boundary (Fig. 2b), (iv) the much stronger hor-

izontal wind shear on the cyclonic side of the LLJ rela-

tive to that on the anticyclonic side, and (v) the bottom

of the upper-level jet streak above the cold front. It is

important to note that features become smoothed in the

composite such that they may become broader in scale

and smaller in magnitude. However, the relative posi-

tion of these features remains intact and the LLJ is ob-

served immediately ahead of the cold front (Fig. 2a), as

expected.

The composite ageostrophic wind shown in Fig. 3a

was calculated by subtracting the transect normal wind

(Fig. 2a) from the transect normal geostrophic wind

(Fig. 3b) for each of the 24 transects individually, nor-

malizing by height, and compositing using the same

procedures described previously. One can readily draw

four conclusions from Fig. 3: (i) the LLJ is super-

geostrophic immediately ahead of the cold front; (ii)

both the frontal zone and upper-level jet (not shown)

are subgeostrophic, the latter being expected from gra-

dient wind balance for flow around a trough; (iii) the

near-surface wind is subgeostrophic, likely a result of

frictional drag, though this is not substantiated in the

present work; and (iv) the transect-normal flow is nearly

in geostrophic balance outside of the regions mentioned

in (i), (ii), and (iii). The composite transect indicates

that the ageostrophic component of the LLJ (termed

the AgLLJ) has a smaller transect-parallel width scale

(’100km) than that of the AR (’500 km). It is likely

that the transect-normal length scale of the AgLLJ is

similar to the length scale of the AR (on order of

1000km) since, when combined, the transects collec-

tively sample all areas along the AR (see Fig. 1).

However, it cannot be ruled out that the ageostrophy

occurs in most of the cases merely because each flight

strategically targetedmeteorologically similar regions of

strong water vapor transport.

Two different statistical significance tests are applied

to the AgLLJ feature. The first is a two tailed binomial

distribution test using a 50% probability of success (ei-

ther positive or negative ageostrophy) to determine the

likelihood that the 21 of 24 cases of positive ageostrophy

could have occurred by chance. The hatching in Fig. 3

shows the regions of statistical significance to the 99.5th

percentile for this test, highlighting the extreme degree

of confidence that the AgLLJ does not merely result

from sampling variability (more information is provided

in Fig. S1 in the online supplemental material). The

second test is a two-tail standard Student’s t test at the

FIG. 3. Transect composites, normalized vertically by LLJ height, for the transect-normal (a) ageostrophic wind

(color fill; m s21) and (b) geostrophic wind (color fill; m s21), with both plots having equivalent potential tem-

perature (solid black; K).Hatching in (a) represents the 99.5th percentile of significance according to a binomial test

(see text for details).
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95th percentile level that, unlike the previous test, ac-

counts for the magnitude of the ageostrophy. It results

in a pattern of statistical significance (not shown) very

similar to that of the Boolean test in that both the AgLLJ

and the surface subgeostrophy are found to be statisti-

cally significant regions. We do not report on field sig-

nificance since the field in question (transect-normalwind

speed) exhibits only two spatial degrees of freedom

(Livezey and Chen 1983). This is because the wind speed

at the LLJ center grid cell is highly correlated (.0.7) to

the wind speed at all other grid cells among the transects.

Figure 4 shows distributions of the transect-normal

ageostrophic wind speed, ageostrophic percentage of the

total transect-normal wind, and height above sea level of

the ageostrophic wind calculated from the LLJ profiles.

Since the study is focused on the positive ageostrophy of

the LLJ, the averages of each distribution in the upper-

left corner of each plot in Fig. 4 do not account for

the three cases of negative ageostrophy. For the 21 pos-

itively ageostrophic cases, the average transect normal

ageostrophy is 6ms21, the percentage of ageostrophy in

the total transect normal wind speed is 20%, and the

height above sea level of the ageostrophy is 1km. The

distributions provide a sense of variance not incorporated

in Fig. 3 and also demonstrate that the composite tran-

sects are characteristic of the majority of the samples.

Although the role of the LLJ in transporting water vapor

withinARshas beenwell studied (Neiman et al. 2002, 2009;

Ralph et al. 2005; Kingsmill et al. 2013; Cordeira et al. 2013;

Valenzuela and Kingsmill 2015), the specific contribution

of the ageostrophic wind has not. The average vertical

profile of the water vapor transport in the LLJ is shown in

the Fig. 5 (normalized in height as in Figs. 2 and 3) for both

the transect-normal total and geostrophic components.

Above a normalized height of 2, the total and geostrophic

profiles are nearly identical; but below this height they are

entirely different. The discrepancies result from frictional

drag, which reduces the total wind near the surface, and the

AgLLJ, which increases the wind centered at a normalized

height of 1. The substantial difference in the two profiles

demonstrates the important role of the ageostrophy in the

water vapor transport.

b. Gradient wind imbalance

The geostrophic wind approximation is accurate for

only nearly straight flow. Air parcels with highly

FIG. 4. Histograms of the (a) maximum AgLLJ wind speed (m s21), (b) fractional contribution of AgLLJ wind to the total wind

(unitless), and (c) height of the AgLLJ (km). The numbers at the top left of each plot are the averages of each quantity for the 21 of 24

positively ageostrophic cases.

FIG. 5. Transect-normal water vapor transport as a function of

height for the total (black; g s21 m22) and the geostrophic (blue;

g s21 m22) with the averages in bold and one standard deviation

shown in color fill. The vertical profiles are taken at the LLJ

location. A running vertical mean of 3 points is applied to both

curves with only superficial differences compared to the orig-

inal profiles.
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