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ABSTRACT

The seasonal and diurnal climatologies of precipitable water and water vapor flux in the mid-Atlantic

region of the United States are examined. A new method of computing water vapor flux at high temporal

resolution in an atmospheric column using global positioning system (GPS) precipitable water, radiosonde

data, and velocity–azimuth display (VAD)wind profiles is presented. It is shown that water vapor flux exhibits

striking seasonal and diurnal cycles and that the diurnal cycles exhibit rapid transitions over the course of the

year. A particularly large change in the diurnal cycle of meridional water vapor flux between spring and

summer seasons is found. These features of the water cycle cannot be resolved by twice-a-day radiosonde

observations. It is also shown that precipitable water exhibits a pronounced seasonal cycle and a less pro-

nounced diurnal cycle. There are large contrasts in the climatology of water vapor flux between precipitation

and nonprecipitation conditions in the mid-Atlantic region. It is hypothesized that the seasonal transition of

large-scale flow environments and the change in the degree of differential heating in the mountainous and

coastal areas are responsible for the contrasting diurnal cycle between spring and summer seasons.

1. Introduction

Water vapor in the atmosphere plays critical roles in

cloud formation, precipitation, and the atmospheric ra-

diation budget. The correct initialization of atmospheric

water vapor, for example, directly affects the forecast

accuracy of precipitation in terms of occurrence and

amount (Hanesiak et al. 2010). Water vapor also plays

a central role in analyses of Earth’s climate, especially in

connection with the response of the climate system to

warming (Held and Soden 2006). In this study, we ex-

amine the climatology of atmospheric water vapor in the

mid-Atlantic region of the United States, with a special

focus on the diurnal and seasonal cycles of precipitable

water and vertically integrated water vapor flux. The

mid-Atlantic region of the United States is adjacent to

the Atlantic Ocean to the east in midlatitudes.

Since the 1990s, the total mass of water vapor in an at-

mospheric column, that is, the precipitable water, has been

derived at high temporal resolution (30min) from ground-

based global positioning system (GPS) measurements

(e.g., Bevis et al. 1994). Radiosonde observations that

are traditionally used for atmospheric water vapor

analyses have poor temporal resolution (12 h) for re-

solving diurnal variations in atmospheric water vapor.

The GPS-derived precipitable water data have the ad-

vantages of continuousmeasurementswith high temporal

resolution, availability under all weather conditions, and

high accuracy (Wang et al. 2007). The high temporal

resolution of GPS observations provides an opportunity

to improve our understanding of the diurnal cycle in at-

mospheric water vapor as well as its seasonal cycle.

Analyses of GPS precipitable water data have provided

important new insights into the climatology of pre-

cipitable water over the world (e.g., Dai and Wang 2002;

Wu et al. 2003; Wang et al. 2007; Hanesiak et al. 2010).

The amount of water vapor at a location is greatly af-

fected by atmospheric transport as well as local evapora-

tion and condensation. To understand the atmospheric

water cycle, it is critical to understand climatological

properties of water vapor flux, which depend on both the

vertical profile of the horizontal wind and the vertical

profile of humidity. Because of the concentration of water

vapor in the lower troposphere, climatological properties

of the low-level winds are most important for assessing

water vapor transport. The monthly and seasonal varia-

tions inwater vapor flux overNorthAmerica (Benton and
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Estoque 1954; Rasmusson 1967) have been examined

using observations from the radiosonde network. The

diurnal variation in water vapor flux over North America

(Rasmusson 1967) has been examined using radiosonde

observations for special observation periods. Radiosonde

observations have the advantage of combined measure-

ments of water vapor and horizontal winds, providing the

foundation for assessingwater vapor flux.As noted above,

however, radiosonde observations have the drawback of

poor temporal resolution, which is particularly important

for water vapor flux (as detailed below). In this study, we

present a new method of computing water vapor flux at

high temporal resolution using GPS precipitable water

observations, velocity–azimuth display (VAD) wind pro-

files derived from a Doppler radar, and radiosonde

observations.

The objectives of this study are to present a new

method for computing water vapor flux and to analyze

the climatology of precipitable water and of vertically

integrated water vapor flux. The study area is the mid-

Atlantic region of the United States, and analyses are

designed to provide insights into the water cycle over the

eastern megalopolis of the United States.

The mid-Atlantic region (see Fig. 1 for a geographical

map) is an interesting and complex setting for examining

the atmosphericwater cycle. The geographical features of

the study region can be characterized by sloping terrain

from the Appalachian Mountains in the west and by

land–ocean contrast due to the Atlantic Ocean in the

east. The study region is subject to local circulations such

as mountain–valley circulation and land–sea breeze cir-

culation and also low-level jets. Because the diurnal

variation in water vapor transport can be associated with

the diurnal variation in wind (Rasmusson 1967), it is

important to understand local wind systems and their

FIG. 1. Geographical map of the study area. Sterling, Virginia, in

which the GPS, radiosonde, and radar stations are collocated, is

marked with the yellow-dot balloon. Point A, which is used in the

temperature analysis in Fig. 19, is marked with the blue-dot bal-

loon. Severalmajor cities in themid-Atlantic region are denoted by

the red markers. The area marked with red lines is used when area-

averaged precipitation is computed.

FIG. 2. Scatterplot of precipitable water observed from GPS and

radiosonde at Sterling for 2007–12.

FIG. 3. Monthly box plots of precipitable water. The central mark

on each box indicates the median, and the bottom (top) edge of each

box indicates the 25th (75th) percentile. Whiskers (vertical bars)

represent the range from the 5th to the 95th percentiles of the data.
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climatological characteristics. It has been demonstrated

that nocturnal low-level jets can develop in the mid-

Atlantic region (e.g., Sjostedt et al. 1990; Zhang et al.

2006; Colle and Novak 2010). As in the Great Plains, the

sloping terrain due to the Appalachian Mountains to-

gether with the thermal contrasts between land and the

Atlantic Ocean can induce a thermal wind oscillation

(Colle and Novak 2010). Zhang et al. (2006) observed the

frequent occurrence of nocturnal low-level jets following

the orientation of the Appalachian Mountains. Colle and

Novak (2010) reported that the northward New York

Bight jets develop primarily during the warm seasons in

the mid-Atlantic and northeastern U.S. coastal regions.

A detailed description of the new method for comput-

ing water vapor flux is given in section 2. In section 3, we

present and analyze the seasonal and diurnal climatology

of precipitable water andwater vapor flux.A discussion of

our findings is given in section 4, and a summary and

conclusions are given in section 5.

2. Data and methods

Precipitable water can be represented in terms of the

vertical profile of water vapor density as follows:

W5

ðz
t

0
ry(z) dz , (1)

where the upper limit zt typically denotes the elevation

of the top of the troposphere (we will focus on a lower

limit of integration, as detailed below). The precipitable

water has units of kilogram per square meter. Dividing

by the density of water (1000 kgm23) andmultiplying by

1000mmm21, we see that the precipitable water can

also be expressed in units of millimeters.

The vertically integrated water vapor flux vectorQ5
(Qx, Qy) is defined as follows:

Qx5

ðz
top

0
ry(z)u(z) dz (2)

and

Qy5

ðz
top

0
ry(z)y(z) dz , (3)

where u(z) is the zonal (east–west) component of the

wind (m s21; positive eastward) at elevation z and y(z) is

the meridional (north–south) component of the wind

FIG. 4. Hourly box plots of precipitable water in (a) spring (March–May), (b) summer (June–August), (c) autumn

(September–November), and (d) winter (December–February).
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(m s21; positive northward) at elevation z. The mass flux

of water vapor across a plane of unit width in the north–

south direction extending to ztop (Qx) and a plane of unit

width in the east–west direction extending to ztop (Qy) is

given by Qx and Qy (kgm
21 s21).

We will denote the precipitable water at time

t (t 2 0–24) on day i of the year byWi(t); the water vapor

flux vector at time tonday iwill be denoted [Qi
x(t), Q

i
y(t)].

GPS precipitable water time series are constructed (in-

terpolated) at 15-min time steps using the original data

with 30-min time resolution for the Sterling, Virginia,

study site (Fig. 1) during the period from 2007 to 2012.

GPS precipitable water time series provide samples of

[Wi(t); t2 (0–24), i5 1, . . . . , 365] for each year of 2007–12.

VAD wind profiles are derived from the Weather Sur-

veillance Radar-1988 Doppler (WSR-88D) radar at Ster-

ling, Virginia (KLWX). VAD wind profiles are comput

ed at volume scan times (typically 5–10min) and converted

to a regular 15-min time interval and a vertical spacing of

50m. Radiosonde observations (at 0000 and 1200 UTC)

are obtained fromDulles InternationalAirport (KIAD) in

Sterling, Virginia, for the period from 2007 to 2012.

We compute water vapor flux time series at 15-min

time interval during the time period from 2007 to 2012

from GPS precipitable water observations, radiosonde

profiles of water vapor density at 0000 and 1200 UTC,

and VAD wind profiles at 15-min time interval. The

VADwind profiles are used directly to compute [ui(t, z),

yi(t, z)] needed to compute the time series of water va-

por flux [Eqs. (2) and (3)].

The time series of water vapor density profiles

riy(t, z) are computed under the assumption that the

profile of normalized water vapor density, that is, wa-

ter vapor density divided by precipitable water, is

slowly varying over the course of the day and can be

estimated from twice-a-day radiosonde profiles. Nor-

malized water vapor density profiles are computed

from radiosonde data at time t1 (0000 UTC) and t2
(1200 UTC) as

f i(tj, z)5
riy(tj, z)

Wi(tj)
(4)

for j equal to 1 or 2. Here,Wi(tj) is the precipitable water

from the radiosonde measurement. The normalized

water density profile is computed at an arbitrary time

during day i as a weighted sum of the two advanced

normalized profiles:

FIG. 5. Hourly box plots of daily anomaly of precipitable water in (a) spring, (b) summer, (c) autumn, and (d) winter.
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f i(t, z)5af i(t1, z)1 (12a)f i(t2, z) , (5)

where the weight a provides a linear average of the

two adjacent profiles as a function of the time difference

between t and t2 [i.e., a 5 (t2 2 t)/(t2 2 t1)]. Then, the

water vapor density profile at an arbitrary time t during

day i is computed from the GPS precipitable water at

time t and the normalized water vapor density profile:

riy(t, z)5 f i(t, z)[Wi(t)] . (6)

Therefore, the water vapor flux profile and vertically

integrated water vapor flux at an arbitrary time t during

day i can be computed using riy(t, z) and the wind vector

[ui(t, z), yi(t, z)].

In this study, data from the North American Regional

Reanalysis (NARR; Mesinger et al. 2006) are used to

analyze the large-scale flow environments that are asso-

ciated withwater vapor transport and to compare with the

observation data. NARR is produced at 32-km resolution

in the horizontal and 3-h temporal resolution. There are

13 vertical layers below 700hPawith an interval of 25hPa.

The time period used for NARR is the same as that for

observations, which is from 2007 to 2012.

3. Results

a. Precipitable water climatology

Precipitable water observed from GPS at Sterling

closely matches precipitable water measurements derived

from radiosonde observations at the same site (Fig. 2).

Since the radiosonde data are only available twice a day

(0000 and 1200 UTC), the corresponding GPS data at

0000 and 1200 UTC are compared. The relationship

between the two datasets is characterized by an R2 of

0.96 and a root-mean-square error of 2.64mm [see Dai

and Wang (2002) for detailed assessments of the accu-

racy of GPS precipitable water data].

Themonthly variation in daily meanGPS precipitable

water (Fig. 3) shows a pronounced seasonal variation

with maxima in summer months and minima in winter

months. The median precipitable water ranges from 7.7

(January) to 35.7mm (July). In warm months (May–

September), the precipitable water shows a larger vari-

ability than in cold months.

The diurnal variation in precipitable water (Fig. 4) ex-

hibits large variability in all seasons, as reflected in the

interquartile range of hourly precipitable water. The me-

dian precipitable water shows a weak diurnal cycle with an

amplitude of ;1mm in spring and summer and a much

weaker variation in autumn and winter. The diurnal am-

plitudes of median precipitable water in spring, summer,

autumn, and winter are 1.3, 1.1, 0.5, and 0.6mm, re-

spectively. The magnitude of the amplitudes in spring and

summer, ;1mm, is similar to that reported in previous

studies (Dai and Wang 2002; Wu et al. 2003; Hanesiak

et al. 2010). For example, Dai and Wang (2002) showed

that the diurnal cycle of precipitable water has an am-

plitude of 1.0–1.8mm over most of the central and

eastern United States during summer.

The median values of precipitable water reach a maxi-

mum in the afternoon and a minimum in the morning for

all seasons, which is also consistent with the previous

studies. The diurnal cycle is more clearly seen in the daily

anomaly of precipitable water (Fig. 5), particularly in

spring and summer. The precipitable water anomaly is

computed as the instantaneous value during the dayminus

the mean value for the day (Dai and Wang 2002). The

variability in precipitable water anomaly exhibits a more

pronounced diurnal cyclewith a peak variability at around

2300 Eastern Standard Time (EST) and a minimum

FIG. 6. Monthly box plots of vertically integrated (a) zonal and

(b) meridional water vapor flux.
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variability at around 0900 EST. This diurnal cycle of

variability is similarly observed in all seasons. Although

the precipitable water exhibits diurnal variation, the de-

gree of the variation is small relative to its magnitude and

variability. The ratio of the amplitude to the median in

spring, summer, autumn, and winter is 7.2%, 3.2%, 2.6%,

and 7.1%, respectively.

b. Water vapor flux analyses

Analyses of water vapor flux focus on vertically in-

tegrated values up to 3 km above ground level (AGL).

The 3-km elevation captures the dominant transport of

water vapor in the lower atmosphere and also utilizes

VADwinds over the extent of the atmosphere for which

they are reliably available.

The vertically integrated zonal water vapor flux

(i.e., Qx) shows a pronounced seasonal variation with

maxima in summer months and minima in winter months

(Fig. 6a). The median values of zonal water vapor flux

reach amaximumof 89.0kgm21 s21 in June and aminimum

of 10.4 kgm21 s21 in November. The median value of the

zonal water vapor flux is positive for allmonths, indicating

eastward transport of water vapor in all seasons. This

seasonal variation is attributed to the seasonal variation in

water vapor density rather than to variation in zonal wind.

The zonal wind is much stronger in winter months than in

summer months (not shown). On the other hand, the

water vapor density is much higher in summer months

than in winter months, as can be inferred from the sea-

sonal variation in precipitable water (Fig. 3). The large

variability in zonal water vapor flux in summer months is

also attributed to the large variability in water vapor

density, as can be inferred from the large variability in

precipitable water in summer months. The seasonal

variability in zonal wind is relatively small (not shown).

The vertically integrated meridional water vapor flux

(i.e.,Qy) shows a striking seasonal variation (Fig. 6b). The

direction ofQy changes from northward (positive sign) in

spring to southward (negative sign) in summer and au-

tumn (in terms of the median value of the meridional

water vapor flux). The interquartile range in spring in-

dicates that the northward transport of water vapor pre-

vails in spring. The northward transport is enhanced in

May compared to April. The interquartile range in sum-

mer indicates that the water vapor can be transported ei-

ther from the north or the south, with southward transport

more common. The southward transport reaches a peak in

August (in terms of the median value).

FIG. 7. Hourly box plots of vertically integrated (left) zonal and (right) meridional water vapor flux in (a),(e) spring;

(b),(f) summer; (c),(g) autumn; and (d),(h) winter.
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The zonal transport of water vapor in spring is always

dominated by eastward transport over the entire day,

and it exhibits a weak diurnal variation in which the

zonal water vapor flux is slightly stronger during the

nighttime hours than during the daytime hours (Fig. 7a).

The vertically integrated meridional water vapor flux

has positive (northward transport) median values over

the entire day, and it exhibits a more pronounced di-

urnal variation in which the meridional transport is

stronger during the nighttime hours than during the

daytime hours (Fig. 7e). It is also seen that the variability

in both the fluxes is considerably larger in the nighttime

than in the daytime. The enhanced nighttime transport

of water vapor in the meridional direction is associated

with the low-level jets in the mid-Atlantic region. We

present further analysis and discussion in the latter part

of this section and in the discussion section.

In summer, unlike in spring, the vertically integrated

zonal water vapor flux exhibits little diurnal variation (but

it is always dominated by eastward transport over the

entire day) and the nighttime enhancement is not as

clearly seen (Fig. 7b). As can be seen in Fig. 6a, the mag-

nitude and variability are largest in summer. The negative

median values of vertically integrated meridional water

vapor flux indicate that southward transport dominates

over the entire day (Fig. 7f). There is, however, a signifi-

cant diurnal variation in Qy with median values ranging

from 257.4kgm21 s21 at 0700 EST to 26.2kgm21 s21 at

1900 EST. The northward transport of water vapor still

occurs during the afternoon and evening hours, and this

FIG. 8. Time–height cross section of (left) zonal and (right) meridional water vapor flux in (a),(d) May; (b),(e) June;

and (c),(f) July.
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northward transport explains the positiveQy in summer in

Fig. 6b.

In autumn, the magnitude and the variability of verti-

cally integrated zonal water vapor flux are reduced

compared to those in summer (Fig. 7c). Unlike in spring

and summer in which eastward water vapor flux pre-

dominates both in the day- and nighttime, the transport of

water vapor from the east as well as from the west is

observed in the nighttime. So, the negative interquartile

range in Qx in autumn (Fig. 6a) is attributed to the

westward water vapor flux during the nighttime. The

nighttime southward water vapor flux becomes more

predominant in autumn than in summer (Fig. 7g). The

reduced interquartile range of vertically integrated water

vapor flux is attributed to the decreases in magnitude and

variability in water vapor density. In winter, both the

zonal and meridional water vapor fluxes are greatly re-

duced (Figs. 7d,h). As in autumn, the small interquartile

range of the water vapor fluxes results from the reduction

in water vapor density (or precipitable water) rather than

FIG. 9. Vertical profiles of (left) zonal and (right) meridional water vapor flux in (a),(d) May; (b),(e) June; and (c),(f)

July derived from radiosonde observations at Sterling for 2007–12.
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from the wind. The variabilities in zonal and meridional

winds are comparable (or even larger) in autumn and

winter than in spring and summer (not shown).

One of the key findings of this study is that the verti-

cally integrated meridional water vapor flux exhibits

very different diurnal variations between spring and

summer. To investigate this transition between spring

and summer, time–height cross sections of water vapor

flux inMay, June, and July are presented in Fig. 8. During

May (Figs. 8a,d), the enhanced northeastward water va-

por flux in the nighttime is clearly seen at low levels

(below ;1km) and weak northeastward flux is seen

during the middle of the day. Vertical gradients in me-

ridional transport of water vapor are large at night with

the low-level transport maximum of 0.084kgm22 s21 at

0.35kmAGL at 2300 EST decreasing to about one-tenth

of the maximum value at 3 km AGL. An abrupt time

transition of vertical profile of water vapor flux occurs at

;2000 EST and a similar but less pronounced transition

occurs at 0400–0500 EST for May. These transitions are

attributed to some extent to missing data that are more

frequent at;1800–1900 EST and at;0500–0700 EST for

May. For example, in May, the ratio of missing data at

0.5 km AGL during 0500–0700 and 1800–1900 EST pe-

riods is;15%, while during the rest of the time periods it

is;6%. The meridional water vapor flux during summer

shows a contrasting diurnal variation in which south-

eastward flux dominates during the nighttime hours and

northeastward flux dominates during the afternoon and

evening hours at low levels. As noted above, even in

summer season, the northward transport of water vapor is

observed at low levels during afternoon and evening

hours, and this transport reaches a peak at 2030 EST in

June and at 2000 EST in July, but the vertical gradients

are not as strong as in May.

The vertical profiles of water vapor flux obtained from

Sterling radiosonde inMay, June, and July (Fig. 9) match

well with the results based onGPS precipitable water and

FIG. 10. Hodographs of (ryu, ryy) for Sterling at 0100EST (a)May, (b) June, and (c) July. The vertical levels (kmAGL) are represented by

different shading.
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VAD wind profiles and show consistent results for the

seasonal transition of diurnal variation in water vapor

flux between spring and summer seasons. During May

(Figs. 9a,d), the zonal water vapor flux reaches a peak at

;2km, and the meridional water vapor flux is northward

at both 0700 and 1900 EST at low levels and stronger at

1900 EST. During June and July (Figs. 9e,f), the meridi-

onal water vapor flux shows consistent results in which

it is southward at 0700EST and northward at 1900 EST at

low levels. Although it is not highlighted in Rasmusson

(1967), a similar change in water vapor flux between

1200 UTC (0700 EST) and 0000 UTC (1900 EST) for

June–August in 1961 and 1962 was observed in the mid-

Atlantic region. It was shown that the mean differential

vertically integrated water vapor flux between 0700 and

1900 EST (i.e., 0700 minus 1900 EST) is southeastward in

the mid-Atlantic region, which is consistent with our

analysis results. However, the pronounced diurnal and

vertical variation of water vapor flux cannot be resolved

by twice-a-day radiosonde observations.

Mean hodographs of (ryu, ryy) at 0100 EST at 0.1-km

vertical intervals in May, June, and July (Fig. 10) illus-

trate the vertical structure of water vapor flux. The time

0100 EST is chosen as a representative nighttime. Dur-

ing May (Fig. 10a), the water vapor flux veers with

height from northeastward near the surface to east-

northeastward at upper levels (z.;1.5 km). As seen in

Fig. 8, the water vapor flux at 0100 EST in June and July

is east-northeastward near the surface but changes to

southeastward at 0.7 km AGL in June and at 0.3 km in

July. The water vapor flux at 0100 EST reaches a local

maximum at 0.5 kmAGL inMay and 0.4 km in June and

July, and this can be explained by the inertial oscillation

theory of Blackadar (1957). An inertial oscillation can

lead to a maximum wind speed above the top of the

nocturnal inversions as the former daytime mixed layer

rapidly becomes decoupled from the surface and thus

the frictional force becomes negligible (Baas et al. 2009).

At 1300 EST as a representative daytime (Fig. 11),

northeastward water vapor flux is still observed over the

FIG. 11. As in Fig. 10, but for 1300 EST.
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entire 3-km layer during May. As in the nighttime, the

water vapor flux in June and July changes to south-

eastward at around 1 km AGL in the daytime. These

night- and daytime hodographs of water vapor flux in-

dicate that there is a transition of the upper-level winds

(nearly geostrophic winds) from northeastward in May

to southeastward in June and July.

Mean hodographs of (ryu, ryy) at 0.5 kmAGL inMay,

June, and July illustrate the diurnal cycle of water vapor

flux (Fig. 12). In Fig. 12a, the water vapor flux at 0.5 km

AGL reveals a clockwise rotation with time. Thus,

during May, the strong northeastward water vapor flux

during the nighttime hours can be attributed to some

extent to an inertial oscillation. During June and July,

the water vapor flux also reveals a clockwise rotation but

with smaller amplitude than May. It should be noted

that hodographs of horizontal wind (u, y) show similar

oscillation patterns with those of water vapor flux (ryu,

ryy). In addition to the inertial oscillation, the oscillation

in thermal wind that arises from diurnal heating/cooling

cycle over sloping terrain and/or over coastal region can

lead to the diurnal oscillation in low-level winds (e.g.,

Bonner and Paegle 1970; Doyle and Warner 1991;

Burk and Thompson 1996). Considering the warmer

air over mountain slopes compared to the air at the

same level to the east during the day [e.g., as given in

Bonner and Paegle (1970)] the thermal wind under

such circumstances is southward. So, if the upper-level

geostrophic winds are northward (e.g., in spring), then

the low-level geostrophic winds (equal to the upper-

level geostrophic winds minus the thermal winds) be-

come stronger northward winds. Thus, the transition of

upper-level winds from northeastward in spring to

southeastward in summer may result in a decrease in

the northward component of low-level winds during

the nighttime hours. At the upper level (1.7 km AGL;

Fig. 13), such oscillation is much less clear in May,

June, and July. As noted above, the northeastward

FIG. 12. Hodographs of (ryu, ryy) for Sterling at 0.5 km AGL in (a) May, (b) June, and (c) July. The time of day (EST) is represented by

different shading. The curved arrow indicates the clockwise rotation.
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(southeastward) upper-level winds are also observed

in May (June and July).

In the mid-Atlantic region, winds at 850-hPa are nearly

eastward during May but become southeastward during

June and July, as seen from monthly mean 850-hPa wind

and geopotential height fields (Fig. 14) obtained from

NARR. The change in strength of meridional wind in

the mid-Atlantic region is strongly associated with the

westward extension of the North Atlantic subtropical

high (hereafter, the Bermuda high), as can be seen in

850-hPa geopotential height fields. Under the influence

of the Bermuda high, themid-Atlantic region in summer

experiences southeastward flow. Therefore, the large-

scale flow in summer (i.e., the southward component) is

opposite to the low-level northward flow that appears

during afternoon and evening hours.

Composites of 850-hPa wind and geopotential height

under nonprecipitation conditions and precipitation

conditions more clearly show the influence of high

pressure systems (Figs. 15, 16). A precipitation day is

defined as a day in which daily precipitation averaged

over the area marked in Fig. 1 is greater or equal to

0.5mmday21. The gridded hourly precipitation data

used are the National Centers for Environmental

Prediction (NCEP) stage IV data. Under the non-

precipitation conditions in which little precipitation is

observed over the large area (;400 km 3 550 km), the

weather is likely influenced by high pressure systems, as

can be seen in Fig. 15. Thus, it can be expected that the

water vapor from the Gulf of Mexico is likely trans-

ported farther north to the mid-Atlantic region by the

prevailing northeastward winds. In the mid-Atlantic

region, the southeastward winds prevail under non-

precipitation conditions, which are located to the east

of the ridge of high pressure systems in May, June, and

July. Under precipitation conditions, 850-hPa winds

become more eastward in the study region. In summer,

a trough is observed along the eastern coast of the mid-

Atlantic region and the 850-hPa winds are corre-

spondingly east-southeastward. Thus, the mid-Atlantic

FIG. 13. As in Fig. 12, but for 1.7 km AGL.
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region under precipitation conditions likely experi-

ences direct transport of water vapor from the Gulf of

Mexico.

During May, under nonprecipitation conditions,

strong northward transport of water vapor appears at

0.35 km AGL at 2315 EST with a maximum of

0.095 kgm22 s21 (Fig. 17). Under precipitation condi-

tions, the northward water vapor flux is observed in

a 3-km layer over the entire day, and the large-scale flow

under these conditions is responsible to some extent for

the northward transport of water vapor. During 1900–

2345 EST, the low-level transport is stronger under

nonprecipitation conditions than under precipitation

conditions. On the other hand, the low-level transport

during 0000–0400 EST is stronger under precipitation

conditions. Similarly, during June and July, a stronger

northward transport at low levels is observed at late times

of day under nonprecipitation conditions than under

precipitation conditions. While the northward water va-

por flux at low levels reaches a peak at around 2300 EST

under nonprecipitation conditions, it reaches a peak at an

earlier time (around 2000 EST) under precipitation

conditions.

4. Discussion

It is observed that during May strong northeastward

transport of water vapor appears at low levels during

nighttime hours and that during June and July relatively

weak northeastward transport appears during afternoon

and evening hours. Compared with previous studies that

FIG. 14. Mean 850-hPa wind and geopotential height fields

derived from NARR for 2007–12 in (a) May, (b) June, and

(c) July.

FIG. 15. As in Fig. 14, but for nonprecipitation conditions.
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investigated low-level jets in the mid-Atlantic region

(e.g., Colle and Novak 2010; Zhang et al. 2006) or in

other regions (e.g., Whiteman et al. 1997), these findings

deviate from the general characteristics of low-level jets

that occur more frequently in summer. Colle and Novak

(2010), for example, showed that the New York Bight

jets develop most frequently in June and July and that

the distribution skews toward the spring months. How-

ever, they focused on low-level jets and defined jet

occurrence using rigorous criteria. Although a direct

comparison of its seasonal frequency of occurrence is

not feasible because low-level jets are not rigorously

dealt with in the present study, the less frequent and

weaker northward component of low-level winds in

summer can be attributed to some extent to the

transition of large-scale flow environments in the mid-

Atlantic region between spring and summer seasons. So,

in terms of large-scale flow conditions, this assertion is

consistent with the finding of Colle and Novak (2010)

that the northward New York Bight jet occurs on days

with northeastward synoptic flow.

Such a seasonal transition of diurnal variation in water

vapor flux is also seen in NARR fields. Figure 18 com-

pares the time–height cross sections of meridional water

vapor flux in May, June, and July obtained from the ob-

servations with those obtained from NARR. Although

the magnitude of meridional water vapor flux from

NARR is much smaller than that from the observations,

it is clearly seen that themeridional water vapor flux from

NARR shows similar diurnal variation to that from the

observations in May, June, and July. In particular, the

stronger northward flux during the evening hours in May

than in June and July and also the southward flux at upper

levels (z.;1.5 km) in June and July are consistent with

our findings from the observations. However, NARR

fields do not show the enhanced low-level transport of

water vapor from the south that is seen in the observations.

It is found that the underestimated low-level transport

from NARR is mainly due to the underestimated north-

ward winds rather than water vapor density (not shown).

The relatively coarse vertical resolution of NARR, which

is approximately 200–250m below 850-hPa level, could be

responsible to some extent for the discrepancy at low

levels.

In Fig. 17, it is observed that the difference in merid-

ional water vapor flux between the late evening hours

and the predawn hours is larger under nonprecipitation

conditions than under precipitation conditions for all

three months. This implies that the difference in hori-

zontal temperature gradient between day- and nighttime,

which is large under nonprecipitation conditions because

of high pressure systems, can play some roles in increasing

the amplitude of the oscillation. As Bonner and Paegle

(1970) pointed out, a diurnally varying geostrophic wind

due to baroclinicity can increase the amplitude of the

oscillation that arises from a time-varying eddy viscosity

alone. In a similar manner, the largest amplitude of the

oscillation in May among the three months, which is seen

in both the observations and NARR, can be to some ex-

tent due to the strong baroclinicity over this region. As an

example, Fig. 19 shows the mean diurnal variation in

temperature difference between Sterling and a point over

the ocean (denoted A in Fig. 1) for the period of 2007–12.

The temperature used is the NARR 1000-hPa tempera-

ture. The daytime temperature difference between land

and sea is largest inMay among the warmmonths. So, it is

speculated that in addition to the northeastward winds

prevailing in spring, the large amplitude of thermal wind

FIG. 16. As in Fig. 14, but for precipitation conditions.
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oscillation resulting from the large horizontal temperature

difference could lead to the large amplitude of the oscil-

lation in low-level water vapor flux.

Our present study can be extended to further studies

of water vapor flux in the mid-Atlantic region. For

example, it can be applied to examine influences of

diurnally varying water vapor transport on the diurnal

cycles of precipitation in the mid-Atlantic region, as

was done by Higgins et al. (1997) for the Great Plains.

They showed that the low-level jets over the Great

Plains have a considerable impact on the distribution

and the intensity of nighttime precipitation. A numer-

ical model can be used for examining the roles of low-

level jets and local circulations on the transport of

water vapor in the mid-Atlantic region in a more

systematic way. In addition, the roles of topography

and land–sea contrast can also be understood, as was

similarly done by Zhang et al. (2006) for the nocturnal

low-level jets in the mid-Atlantic region.

5. Summary and conclusions

In this study, we present a new method for computing

the vertically integrated water vapor flux using GPS

precipitable water observations, VAD wind profiles

developed from WSR-88D velocity observations, and

radiosonde observations. The precipitable water and

water vapor flux analyses match well with analyses

based on twice-a-day radiosonde observations and

provide the capability for examining the diurnal cycles

FIG. 17. Time–height cross section of meridional water vapor flux under (left) nonprecipitation and (right)

precipitation conditions in (a),(d) May; (b),(e) June; and (c),(f) July.
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of precipitable water and water vapor flux. The sug-

gested method can further be used for studying the

convergence/divergence of water vapor over a larger

region.

Precipitable water in the mid-Atlantic region exhibits

a pronounced seasonal cycle with median values ranging

from a maximum of ;36mm in July to a minimum of

;8mm in January. The diurnal cycle of precipitable

water, with an amplitude of ;1mm in the mid-Atlantic

region, is small compared to the seasonal cycle and to

the diurnal cycle of water vapor flux.

The vertically integrated water vapor flux in the zonal

direction peaks during June with median values of ap-

proximately 90 kgm21 s21; median values of zonal flux

are positive for all months, indicating eastward transport

of water vapor in all seasons. The meridional water va-

por flux has median values that are negative (southward

transport) during the months of June–November and

positive (northward transport) during the months of

February–May. Seasonal variation of water vapor flux

accelerates during May.

The diurnal cycle of water vapor flux during the

summer is characterized by meridional transport with

median values that are negative (southward transport)

over the entire day. There is, however, significant di-

urnal variation in the meridional flux with median

values ranging from ;257 kgm21 s21 at 0700 EST to

;26 kgm21 s21 at 1900 EST. By contrast, meridional

transport of water vapor during spring has median

values that are positive (northward transport) over the

FIG. 18. Time–height cross section of meridional water flux from (left) observations and (right) NARR in (a),(d)

May; (b),(e) June; and (c),(f) July.

FEBRUARY 2015 RYU ET AL . 85



entire day. Zonal water vapor flux is always dominated

by eastward transport over the diurnal cycle during all

seasons. During May, there is strong northward

transport in the lowest 1 km of the atmosphere at night

and weak northward transport during the middle of the

day. During June and July, the diurnal cycle changes

rapidly to a setting in which southward transport

dominates below 1.5 km during the night and north-

ward transport dominates below 1 km during the

afternoon.

Mean hodographs of water vapor flux illustrate the

diurnal oscillation at low levels and the rapid changes in

diurnal cycle of water vapor transport during the May–

July period. Temperature gradients between land and

ocean, which peak during May for the mid-Atlantic re-

gion, could play a role in controlling seasonal and di-

urnal variation of water vapor flux through thermal wind

oscillations.

Water vapor flux properties in the mid-Atlantic region

differ substantially for precipitation and nonprecipitation

days. Composite analyses of 850-hPa wind and geo-

potential height fields from NARR fields highlight con-

trasting flow environments between these important flow

environments.Water vapor flux analyses based onNARR

fields reflect some of the diurnal and seasonal properties

of the vertical profile of water vapor flux. There are also

significant contrasts that should be examined for clima-

tological analyses of the water cycle based on NARR and

other reanalysis products.
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