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1. Introduction

The relative contribution local and remote geographic sources of water for precipitation have been
discussed for several centuries (as summarized by Brubaker et al., 1993). If the local source of precipitation were a
dominant factor over continental regions, then the feedback between the land surface and precipitation would be
important for synoptic to seasonal time scales. Precipitation recycling is the process by which the local evaporative
source of water contributes to precipitation before leaving the local region (as defined by Eltahir and Bras, 1994). In
general, precipitation recycling in the United States follows the evaporative annual cycle, reaching a maximum in the
summer months (Bosilovich and Schubert, 2001). Conceptually, locally evaporated water enters the well-mixed
planetary boundary layer (PBL), where it can become a source of mass at the convective cloud base. Once entrained
into the convective cloud, the local water is carried upward where it can be condensed and precipitate back to the
surface. The difficulty, of course, is that not all the water will be entrained into a convective cloud, or the prevailing
atmospheric conditions may be unfavorable for precipitation, and the locally evaporated water could also be
advected away from the region.

An accurate way of determining local and remote sources of water in GCMs has been developed by Koster
et al. (1986) and Joussaume et al. (1986). The methodology makes use of three-dimensional passive constituent
tracers, called water vapor tracers (Bosilovich and Schubert, 2002). In the present paper, we report on results from a
short general circulation model (GCM) simulation with water vapor tracers (WVTs). WVTs are three-dimensional
model variables that use all evaporation from a limited region as a source and moist tendencies proportional to the
total water vapor to compute the sink (precipitation). The simulation has been analyzed to determine the
geographical sources of water for the vertical column over the United States as well as the sources of water for
precipitation. The next section describes the model and WVT methodology. Section 3 presents the analysis of the
simulation, WVTs and the geographic sources of water in the column of atmosphere over the central United States.

2. Model and Methodology

In this experiment, water evaporated from a limited region is the sole source for a three dimensional global
atmospheric constituent. Boundary layer mixing and horizontal advection act on the constituent. Physical processes,
such as convection, condensation and rain evaporation are computed in proportion to the model’s prognostic water
vapor variable (within a three dimensional grid cell). This constituent is called a water vapor tracer (WVT). The
model formulation and the WVT methodology follow Bosilovich and Schubert (2002). Ultimately, the basis for the
WVTs was developed from the concepts of Koster et al. (1986) and Joussaume et al (1986). Koster et al. (1986) and
Joussaume et al. (1986) used this methodology to simulate the global sources of continental and oceanic water, while
Numaguti (1999) used a similar method to simulate the regional sources of water in Eurasia

The base model used in this study is version 3 of the Goddard Earth Observing System (GEOS-3) GCM (Suarez and
Takacs 1995). The moisture and tracer advection is calculated by a positive definite semi-Lagrangian method (Lin
and Rood, 1996) on the Arakawa C grid, while the temperature advection is computed by a fourth order scheme. The
model physics includes: Relaxed Arakawa-Schubert (RAS) convection (Moorthi and Suarez, 1992) with rain
evaporation (Sud and Molod 1988), parameterization of shortwave radiation (Harshvardhan et al. 1987) and
longwave radiation (Chou 1984), and a level 2.5 boundary layer turbulence closure scheme (Helfand and Labraga,
1988). A recent improvement to the GEOS GCM is the addition of the Mosaic land-surface model (Koster and
Suarez, 1992).

In the framework of a GCM, constituents of the atmosphere can be easily incorporated into the dynamical
and physical processes, especially if these constituents are passive (i.e. do not affect or interact with the fundamental
state variables of temperature, moisture and wind). In general, passive constituents are implemented in the GCM as
three-dimensional prognostic variables, and can be referred to as tracers. In the present case, we would like to
compute the contribution of water to precipitation in one region that originated as local and remote evaporation
regions. To accomplish this, three-dimensional passive constituent tracers are provided an evaporative source for a
finite region. The three-dimensional constituents are predicted forward in time (at the model’s time step), parallel to
the model’s prognostic water vapor variable. The same physical processes that act on water vapor also act on the
passive constituents, including precipitation. Therefore, given a regional source of evaporation, a water vapor tracer
(WVT) can be used to determine that region’s contribution of water to moisture transport, total column water and
precipitation at any point on the globe. The formulation of the WVTs has been omitted in this short paper, but the
details can be found in Bosilovich and Schubert (2002)
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In this experiment, we simulate one summer season. The model was initialized on May 1 from an arbitrary
(but spun up) model simulation. The SSTs are prescribed from monthly means of 1991 observations. The simulation
stops on September 1, and the data presented here are seasonal averages of June, July and August (JJA). The model
hydrology was validated for six summer seasons in previous work (Bosilovich and Schubert, 2002). The purpose of
this experiment is to evaluate the vertical distribution of local and remote regional WVTs and their transport.

3. Results

The moisture transport, total precipitable water and precipitation are evaluated for the regional tracers
Southern Plains (SP) and Northern Plains (NP). A third region, Central Plains (CP) is also evaluated, but this region
is not associated with a unique WVT. The Central Plains is defined between SP and NP along the same longitudes
(bounded by, 105° W to 95° W and 36° N to 44° N). Figure 2 shows the largest WVT percent contributions to JJA
vertically integrated WVT transport in the SP, NP and CP regions. During the summer, the largest amount of water
moving over the Southern Plains has a source in the tropical Atlantic Ocean and Gulf of Mexico. While a significant
amount of water originates in the tropical Atlantic Ocean moving through the Northern plains, the dominant
geographical source is the Northern Pacific Ocean. In the Central Plains, the tropical Atlantic and northern Pacific
are nearly equal.

The large fraction of transport from the North Pacific was somewhat unexpected, because the lower
troposphere the mean moisture transport is dominated by southerly flow east of the Rocky Mountains (Figure 3a).
However, in the mid troposphere the moisture transport is dominated by southwesterly flow out of the Pacific Ocean.
Transport of the SP moisture is focused on the SP region, but spreads downstream, relative to the low level flow
(Figure 3b). The mid-level flow is generally westerly, but the transient component of the transport is from the
northeast. Note that the SP mid-level transport is an order of magnitude smaller than the low-level transport. The
North Pacific transport is disrupted by the Rocky Mountains at the low levels, but only 20% of the total moisture
transport into the northern plains is from the North Pacific Ocean (Figure 3c). In the mid levels, the north Pacific
moisture transport can reach 50% of the total transport into the northern plains. The NPa transient transport is not a
factor at in the central United States. The tropical Atlantic Oceanic transport varies with proximity from south to
north across the plains (as in Figure 2). But the fraction of the total transport is around 30% at both the mid and
lower levels in the central plains (Figure 3d). In addition to the mean transport, the transient transport of TAt water is
a comparable magnitude to the low-level total transient transport over the central United States.

The geographical sources of precipitation and TPW in SP, NP and CP are shown in Figure 4. In general, the
percentage of precipitation that occurs from the Northern Pacific WVT is smaller than the percentage of total
Northern Pacific WVT in the vertical column. This is especially true for the northern and central plains regions that
are in the path of the mid-level flow. The partitioning of CP precipitation and TPW indicates that the fraction of
precipitation that occurs from SP evaporation is greater than the fraction of SP water in the column. While the local
source has a larger fraction of precipitation than TPW, the NPa contribution is reversed with a larger fraction of
TPW than precipitation. This indicates that the efficiency of precipitating the local water is higher than that of the
northern Pacific Ocean. Further, the low level transport of NPa water is likely impeded by the Rocky Mountains. The
tropical Atlantic source of water shows similar ratios for both TPW and precipitation. This is likely a result of the
definition of the region, which has a long fetch upstream (relative to the tropical easterlies) and the close proximity
of the Gulf of Mexico.

The contribution of local and remote sources of water to the specific humidity profile is presented in Figure
5. Within each region’s planetary boundary layer (SP, NP and CP), the percentage of specific humidity from the
local sources is much larger than the NPa contribution. However, in the middle and upper troposphere, the NPa
contribution is much larger than the local source. The RAS convective parameterization is designed to extract mass
at the cloud base, usually within the PBL, and convect it to the cloud top, where the condensate is produced. The
convection leaves some of the local water in the upper troposphere as evidenced by the slightly increased fractions at
300 mb than 500 mb of SP and NP water. The tropical Atlantic source of water is well mixed with respect to the total
specific humidity compared to the other dominant sources.

Figure 5 indicates that the local water may not necessarily be vertically well mixed with water that is
advected into the region. In the SP region, local fraction of SP precipitation is 26%, and the local fraction of SP
TPW is 15%. Similarly, the NP region has a larger fraction of local precipitation than local TPW (Figure 4).
Generally, most regions show more precipitation from a local source than the TPW, except for the southeastern
region (Figure 6). While most of the regions’ differences are within a few percent, the differences can be large, even
if the integration over the lowest levels is considered. However, even if the percentages of local TPW and local
precipitation are close (as in the SE region), significant vertical stratification cannot be ruled out. Figure 7 compares
the vertical profiles of local water and all other advected water averaged over the SP and NW regions. The percent
contribution of local water is greater in the lower troposphere, and less in the middle and upper troposphere in both
regions. Despite the near agreement of the TPW and precipitation percentages in the NW region (Figure 6), vertical
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variations of the local contribution of water are evident. The vertical stratification of local and remote sources of
water stands in contrast to the vertically well-mixed assumption included in many bulk analytical recycling models
(Budyko, 1974; Brubaker et al., 1993; and Eltahir and Bras, 1994, and summarized by Burde and Zangvil, 2001).
The primary example is that the NPa source of water in the column is large, but exists primarily in the mid to upper
troposphere, and contributes less to the precipitation.

4. Summary and conclusions

The purpose of this paper is to evaluate the vertical distribution of water vapor tracer diagnostics (as
applied by Bosilovich and Schubert, 2002). The fraction of both moisture transport and TPW from the northern
Pacific Ocean are larger than the corresponding fraction precipitation that occurs in the Great Plains of the United
States. However, the fraction of precipitation that originates as evaporation from the Great Plains is greater than the
corresponding fraction of this water in the vertical column. The vertical distribution of the different sources of water
indicates that the local Great Plains sources are concentrated in the lower troposphere, while the northern Pacific
concentrations are larger in the mid and upper troposphere than near the surface. This is a reasonable response of the
model simulation because the convection parameterization entrains water from the planetary boundary layer into the
cloud base where it can be convected upward, and ultimately condensed. However, the water vapor tracer
diagnostics show the quantitative contribution of surface evaporation to convective precipitation processes.

The simplified bulk diagnostic models of precipitation recycling are derived by assuming that the local
water is vertically well-mixed through the column (reviewed and discussed by Burde and Zangvil, 2001). The well-
mixed assumption is generally stated as the ratio of locally originating water in the column to TPW is equal to the
ratio of locally originating precipitation to total precipitation. The present analysis demonstrates two main points.
First, within a fairly small sample of data points, these ratios can be substantially different depending on the vertical
distribution of moisture transport and the presence of convective processes. Second, even if the ratios are similar,
vertical variations of local moisture in the column are apparent. Previous work with the bulk diagnostic precipitation
recycling models accepts this limitation, but its uncertainty has not been quantified. This would tend to increase the
uncertainty of bulk estimates due to the lack of physical processes in the vertical, but we have not quantified the
uncertainty in the simple recycling model results. Nonetheless, efficient diagnostic estimates of precipitation
recycling have been useful in studies of the regional hydrologic cycle, and further development of the simple
methods are needed to lessen the restrictive assumptions. The WVT methodology in either GCM or data assimilation
systems is more accurate but more computationally expensive. (This has been submitted to Meteorology and
Atmospheric Physics for peer review publication)
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Figure 1 Geographical source regions for WVTs. Global: NA — North America (only Canada and Mexico), SA —
South America, AF — Africa, EU — Europe, AS — Asia, AU — Australia, NPa — North Pacific, SPa — South Pacific,
NAt — North Atlantic, TAt — Tropical Atlantic, SAt — South Atlantic, InO — Indian Ocean, Pol — North and south
Polar. United States regional: SE — South Eastern, SP — Southern Plains, SW — South Western, NW — North
Western, NP — Northern Plains, NE — North Eastern.
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Figure 2 Percentage of JJA vertically integrated moisture transport over SP, NP and CP that had a geographic source
from selected regions. The source regions presented are the most influential across the Great Plains.
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Figure 3c Figure 3d

Mean and transient moisture transport (e.g. < g u#,g v > and < q'u’,q’v’ >, respectively) at 850 mb and 500mb

for (a) total moisture transport, (b) SP WVT transport and (c) NPa WVT transport and (d) TAt WVT transport. The
scale vector is shown and varies by level and variable, and has units of kg/kg m/s. In (b), (c)and (d), the mean
transport also shows contours of the percentage of total transport
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Figure 4 Percentage of JJA total precipitable water and
20 precipitation that originated from the most influential
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Figure 5 Percent contribution of the TAt, NPa, SP and NP regions to the specific humidity profiles (g7/4 at each
level) averaged over NP, SP and CP regions.
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