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ABSTRACT

An atmospheric general circulation model simulation for 1948-97 of the water budgets for the Mac-
Kenzie, Mississippi, and Amazon River basins is presented. In addition to the water budget, passive tracers
are included to identify the geographic sources of water for the basins, and the analysis focuses on the
mechanisms contributing to precipitation recycling in each basin. While each basin’s precipitation recycling
has a strong dependency on evaporation during the mean annual cycle, the interannual variability of the
recycling shows important relationships with the atmospheric circulation. The MacKenzie River basin
recycling has only a weak interannual correspondence with evaporation, where the variations in zonal
moisture transport from the Pacific Ocean can affect the basin water cycle. On the other hand, the Mis-
sissippi River basin precipitation and recycling have strong interannual correlation on evaporation. The
evaporation is related to the moist and shallow planetary boundary layer that provides moisture for con-
vection at the cloud base. At global scales, high precipitation recycling is also found to be partly correlated
to warm SSTs in the tropical Pacific Ocean. The Amazon River basin evaporation exhibits small interannual
variations, so the interannual variations of precipitation recycling are related to atmospheric moisture
transport from the tropical South Atlantic Ocean. Increasing SSTs over the 50-yr period are causing
increased easterly transport across the basin. As moisture transport increases, the Amazon precipitation
recycling decreases (without real-time varying vegetation changes). In addition, precipitation recycling from
a bulk diagnostic method is compared to the passive tracer method used in the analysis. While the mean
values of the different recycling methods are different, the interannual variations are comparable between
each method. The methods also exhibit similar relationships to the terms of the basin-scale water budgets.
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Simulation of Water Sources and Precipitation Recycling for the MacKenzie,

1. Introduction

When analyzing water cycle intensity, regional varia-
tions can be significantly different from the global back-
ground (e.g., Bosilovich et al. 2005). Precipitation over
land is a function of both transport of water from the
oceans and the evaporation from the land (Trenberth
et al. 2003). The water holding capacity of the vegeta-
tion and soil limits land evaporation. Therefore, varia-
tions of the land evaporation can affect the surface en-
ergy budget, planetary boundary layer, and the con-
vective potential energy of the atmospheric column
(Betts 2004), and ultimately the feedback with precipi-
tation. Persistence of soil moisture anomalies can lead
to prolonged variations in the regional intensity of the

Corresponding author address: Michael G. Bosilovich, Global
Modeling and Assimilation Office, Code 610.1, NASA Goddard
Space Flight Center, Greenbelt, MD 20771.

E-mail: Michael.Bosilovich@nasa.gov

© 2006 American Meteorological Society

water cycle (e.g., droughts or floods: Schubert et al.
2004a,b). The regional intensity of the water cycle can
be quantified by calculating the local precipitation re-
cycling (Brubaker et al. 1993; Eltahir and Bras 1996;
Dirmeyer and Brubaker 1999; Bosilovich and Schubert
2001, 2002; Stohl and James 2004; Yoshimura et al.
2004). Precipitation recycling is defined as the “contri-
bution of local evaporation to local precipitation,” spe-
cifically delineating the source of mass of water in pre-
cipitation between local and remote geographic sources
(Eltahir and Bras 1996). This can be used to character-
ize and quantify the intensity of the regional water
cycle.

Two recent studies provide the impetus for the nu-
merical experiment presented here. Brubaker et al.
(2001) showed the long-term analysis of evaporative
sources for the Mississippi River basin (MRB). Varia-
tions of evaporative oceanic sources can affect the re-
cycling of precipitation. In addition, over 36 years some
significant trends in sources of water for the basin were
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F1G. 1. Map of source regions for water vapor tracers (WVTs), where each color indicates a different
evaporative source region. The regions are the MacKenzie Area GEWEX Study: MAGS, Mississippi
River basin: MRB, Large-scale Biosphere Atmosphere Experiment for the Amazon: LBA, North Pacific
Ocean: NPO, South Atlantic Ocean: SAO, south tropical Atlantic Ocean: STA, north tropical Atlantic
Ocean: NTA, Caribbean Sea: CAR, Gulf of Mexico: GOM, Indian Ocean: INO, Africa: AFR, Asia:
ASA, Canada: CAN, and South America: SAM. The land area to the east and west of MRB, including

Mexico, is included in a WVT called US.

identified. Second, Bosilovich et al. (2005) evaluated
climate atmospheric general circulation model (AGCM)
simulations for a 50-yr duration. The AGCMs show
global increasing trends of precipitation, but the trend
of precipitation over land was decreasing. The regional
trends of precipitation differed in sign, magnitude, and
statistical significance. The regional evaluation of water
cycle intensity and the influence of local and large-scale
processes were not investigated.

To better understand regional water cycles, the local
interactions and the atmospheric circulation variations
especially regarding precipitation recycling, we have
run a 50-yr AGCM simulation (with prescribed SSTs),
including diagnostics for the geographical sources of
water vapor and precipitation recycling. In this paper,
we focus on the water sources and precipitation recy-
cling for the Global Energy and Water Cycle Experi-
ment (GEWEX) Continental-scale Experiments
(CSEs) in the Americas (Fig. 1). The MacKenzie
GEWEX Study (MAGS) represents a high-latitude ba-
sin. The MRB is a midlatitude basin with crucial agri-
cultural production in the world economy [included in
the GEWEX Americas Prediction Project (GAPP
CSE)]. The Large-scale Biosphere—Atmosphere Ex-
periment for the Amazon (LBA) is a tropical region
where the local water cycle represents a substantial
fraction of the globe, and where precipitation recycling
has been studied for a long time. While other basins in
Europe and Asia are important in their own ways, these
three represent a subset of different climate regimes for
comparison.

2. Model and methodology
a. Finite-volume general circulation model

The atmospheric numerical model used in this study
is the finite-volume general circulation model (fvGCM)
(Lin 2004). The finite-volume dynamical core uses a
terrain-following Lagrangian control-volume vertical
coordinate system (Lin 2004; Collins et al. 2004). The
fvGCM dynamical core includes a conservative semi-
Lagrangian transport algorithm. The algorithm has
consistent and conservative transport of air mass and
absolute vorticity (Lin and Rood 1997). This feature of
the system makes the fvGCM particularly useful for
water vapor and passive tracer simulations.

The physical parameterizations of the fvGCM are
based on National Center for Atmospheric Research
(NCAR) Community Climate Model version 3.0
(CCM3) physics. The NCAR CCM3 parameterizations
are a collection of physical processes with a long history
of development and documentation (Kiehl et al. 1998).
The moist physics package includes the Zhang and Mc-
Farlane (1995) deep convective scheme, which handles
updrafts and downdrafts and operates in conjunction
with the Hack (1994) mid and shallow convection
scheme. Bosilovich et al. (2003) validate regional as-
pects of the simulated hydrological cycle. This version
of the fvGCM uses the Common Land Model [version
2, described by Dai et al. (2003) and Oleson et al.
(2004)]. Bonan et al. (2002) and Zeng et al. (2002)
evaluate the implementation of the CLM in the NCAR
community GCM.
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b. Precipitation recycling

The model also includes water vapor tracers (WVTs)
to quantify the geographical source of water for global
precipitation (Bosilovich and Schubert 2002; Bosilovich
2002; Bosilovich et al. 2003). In this configuration, the
source of water for a tracer is the evaporation from a
predefined region (e.g., Fig. 1). This humidity is then
predicted as a passive tracer (separate and distinct from
the model’s specific humidity prognostic variable) in-
cluding tracer transport and precipitation and turbulent
tendencies, using

9q 7
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where g is the three-dimensional water vapor tracer, V
is the three-dimensional wind, “turb” denotes the tur-
bulent tendency not including surface evaporation (ver-
tically integrates to zero), and “prec” denotes the sum
of all tracer precipitation tendencies (including conden-
sation, rain evaporation, and convective vertical move-
ment; this term vertically integrates to the tracer pre-
cipitation, —P;). The tracer precipitation tendencies are
computed proportional to the total precipitation ten-
dency, where the proportionality is based on the ratio
of tracer water to total water (Bosilovich and Schubert
2002).

The WVT methodology requires a modest invest-
ment in developing the code and also computing addi-
tional atmospheric prognostic variables. Precipitation
recycling (but not specific external sources) can also be
determined by simpler bulk diagnostic methods (e.g.,
Brubaker et al. 1993). The bulk diagnostic methods use
monthly moisture transport and surface evaporation to
solve a regional water budget. The inflowing atmo-
spheric moisture can be computed from the line inte-
gration of monthly moisture transport as

-1
. =—0Ap(gV) -ndl_, 2
Oin prgjg pqV) - ndl, )

where A is the area of the basin (in m?), g is the accel-
eration of gravitation (9.81 ms~?), p,, is the density of
water (1000 kg m~?), Ap is the pressure thickness of the
entire column of the model’s atmosphere (in pascals),
(qV) indicates the vertically integrated moisture trans-
port vector (integrated from the model’s vertical coor-
dinate, in units of ms~' kg of water per kilogram of
air). Here n is the outward unit normal vector (dimen-
sionless) and d/;, indicates that the line integration only
considers segments of the gridded data where water is
flowing into the basin (units of m). With a unit conver-
sion, the inflowing moisture transport (Q;,) is calcu-
lated in units of mm day '. Following Brubaker et al.
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(1993), specifically their Egs. (7) and (12), we can com-
pute the recycling ratio for the basin from the inflowing
moisture transport and basin averaged evaporation (E
in mm day '),

. Plocal . E
P2 P 20+ E°

©)

where the bulk diagnostic recycling ratio (py) is defined
as the ratio of precipitation from local evaporation to
the total precipitation that occurs. The bulk diagnostic
recycling ratio can be compared to the value deter-
mined from the WVT method.

c. Experimental design

The model simulation is evaluated for 50 years, from
the beginning of 1948 through the end of 1997. Hadley
Centre SSTs provide the prescribed oceanic boundary
conditions for the AGCM (Rayner et al. 1996, 2003).
The experiment is similar to the first phase of the Cli-
mate of the Twentieth Century study (Folland et al.
2002) in that it uses prescribed SST variations, but not
aerosols, carbon cycle, or other climate change input
forcing (e.g., vegetations cover). The spatial resolution
of the model grid is 2° latitude by 2.5° longitude. The
initial conditions were derived from a longer simulation
(started in 1901), and tracers were initialized at zero in
September 1947. A total of 36 WVTs were defined by
geographic location (Fig. 1 only shows those relevant to
the regional analysis discussed here). The basin areas
were defined by interpolating the mask used by Roads
et al. (2002) to the model’s grid. The tracers are spun up
within weeks of initialization (Bosilovich and Schubert
2002).

3. Simulated seasonal cycle and interannual
variability

Figure 2 compares the seasonal variations of precipi-
tation of the model with the merged Global Precipita-
tion Climatology Project (GPCP) product (Adler et al.
2003) for the region of this investigation. The model
produces large-scale convergent and divergent patterns
that can be identified by the precipitation field. Over
the domain, there is an overestimate of precipitation.
The most noticeable overestimates occur off the west
coast of Central America in September—October (SON)
and December—February (DJF). Despite this, it is in-
teresting to note that the model seems to underestimate
precipitation in the easternmost region of the inter-
tropical convergence zone (ITCZ) during June-August
(JJA). The simulated precipitation across North
America in JJA seems comparable to the merged data
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FIG. 2. Seasonal intercomparison of simulated (fvGCM) precipitation with the merged precipitation observa-
tions from the GPCP (Adler et al. 2003). The seasons were averaged for December 1979 through November 1997
where the model and observation data coincide. The seasons are (a), (b) DJF; (c), (d) March-May (MAM); (e),
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product. However, there appears to be an overestimate
of precipitation in the northwestern quadrant of the
Amazon River basin during SON.

Similarly, the comparison of simulated total precipi-
table water (TPW) with observations developed by the
National Aeronautics and Space Administration (NASA)
Water Vapor Project (NVAP) (Simpson et al. 2001)
show that the model can reproduce the large-scale pat-
terns (Fig. 3). During SON, the model is wetter than
observed over the Amazon basin, while the tropical
Atlantic is drier than the NVAP data. The model-
simulated TPW over North America during JJA seems
reasonable, especially in the regions of MAGS and
MRB. There is a dry bias in the simulation over the
Rocky Mountains. In general, the model-simulated wa-
ter cycle data seems comparable to typical AGCMs
(Boyle 1998).

In this paper, we will investigate the local influences
and atmospheric circulation variations on precipitation
recycling in MAGS, MRB, and LBA. The line of in-
vestigation emphasizes the 3-month period of maxi-
mum precipitation recycling in each basin. Figure 4
shows the basin-averaged major sources of precipita-
tion for each basin. It should be noted that the number
of sources for each region is generally a function of the
configuration of the source regions (Fig. 1). For ex-
ample, MAGS has four primary sources of water vapor,
likely because the whole North Pacific Ocean’s (NPO)
evaporation contributes to only one water vapor tracer.
Consider that, when the source (in the figure legends) is
the same as the destination (Fig. 4a, MAGS; Fig. 4b,
MRB; Fig. 4c, LBA), the curve is the basin precipita-
tion recycling. The MAGS seasonal cycle is straightfor-
ward, where the Pacific Ocean sources dominate in
winter, giving way to continental sources in summer.
The 3-month period of maximum precipitation recy-
cling is May—July (MJJ). The size of a region also plays
a role in the calculation of a water source; for example,
the Asia (ASA) source of water for MAGS reaches a
peak in JJA because the continental evaporation is
highest in the Asian continent seasonal cycle.

For the MRB, we have discretized the tropical At-
lantic Ocean sources further because of many questions
regarding the impact of the Gulf of Mexico and Carib-
bean Sea on the climate of the United States. The MRB
seasonal cycle is somewhat more complicated in that
the maximum of precipitation recycling occurs during a
transition from winter and early spring Pacific Ocean
sources to fall tropical Atlantic sources. However, it is
a clear annual cycle of precipitation recycling with a
maximum in MJJ. Precipitation recycling in LBA (Fig.
4c) is complicated by an extended rainy season. While
there is a distinct maximum during the onset season of
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October-December (OND), a rather high plateau ex-
ists from January to February (the wet season). The
amount of recycled precipitation is also largest in OND,
so we will focus on that time frame for intercomparing
between MRB and MAGS.

To evaluate the processes that affect precipitation
recycling, beyond the seasonal cycle, we will look at the
variability of the water budgets and moisture sources
over the 50 years of simulations. Figure 5 shows the
time series of precipitation anomalies (from the mean
of 1979-97) for the model simulation and GPCP data in
the basins of interest and for the seasons of interest
(M1J for MAGS and MRB; OND for LBA). In each of
the basins, the GPCP data has a wider range of precipi-
tation anomalies than that of the model simulation.
Likewise, Fig. 6 shows the standard deviation, mini-
mum, and maximum of seasonal precipitation in each
basin. The general conclusion is that the model simu-
lation variability of precipitation is less than observed,
which appears to be a typical result from global model
simulations (e.g., Boyle 1998). One exception is the
MRB standard deviation, which is near the GPCP
value. However, the range of precipitation between
maximum and minimum is still smaller in the model
simulation.

Another issue is basin-scale trends in the water cycle.
The precipitation for each of the basins over the 50
years of simulation does not have trends that are sta-
tistically different from zero (Fig. 5, statistics not pre-
sented). The model does show some increase in pre-
cipitation over the last 25 yr in MAGS and MRB. There
is little trend apparent in the GPCP data, either in the
basins and seasons considered here or the global mean
(Adler et al. 2003). Further evaluation of the other
components of the simulated water cycle and their
trends will be discussed in section 5.

4. Regional water budgets

The analysis of the model simulation from this point
onward focuses on the seasons of maximum precipita-
tion recycling for MAGS (MJJ), MRB (M1J), and LBA
(OND). In this section we evaluate the mean moisture
budgets, including the geographical sources of water in
the seasonal precipitation, and also the working rela-
tionships between the terms of the water budgets, pre-
cipitation recycling, and external sources of water. In
the following section, we extend this analysis to inter-
compare local and external forcing on the atmospheric
circulation effects on precipitation recycling.

a. MacKenzie River basin

Table 1 shows the basin and time-averaged water
balance quantities for the three basins being consid-
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seasons are averaged for December 1988 through November 1999 where the model and observations coincide.
The units are mm of water integrated in the atmospheric column.
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F1G. 4. Mean annual cycle of basin-averaged water sources for
MAGS, MRB, and LBA. The colors correspond to the regions in
Fig. 1. Note that the major oceanic sources are scaled on the right
axis; the label on the right axis corresponds to the specific oceanic
source region listed in each legend. The units are percent of total
precipitation. Note that the sum of percentages does not equal
100% because only the major contributors are included in these
figures.

ered. In MAGS, evaporation is slightly larger than pre-
cipitation, but the primary transport of water vapor is
zonal, and the rate of water flux at the zonal boundaries
is much more than the average precipitation and evapo-
ration. The recycling ratio in Table 2 for the MAGS
basin is almost 20%, meaning that 0.37 mm day ' of the
water precipitating in this season has come from evapo-
ration (20% of the 1.9 mm day ! of total precipitation).
It is also worthwhile to consider that the percentage of
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F1G. 5. Time series of precipitation anomalies from the 1979-97
mean for the maximum recycling season in each basin (a) MAGS,
(b) MRB, and (c) LBA. The solid line is the model simulation and
the dots are GPCP.

evaporation that stays in the basin is 17% (of the 2.1
mm day ! total evaporation), while the rest is trans-
ported out. Using the Eltahir and Bras (1994) bulk di-
agnostic method for precipitation recycling and re-
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analysis input data, Szeto (2002) computed the recy-
cling ratio for MAGS to be 25%.

Even though this is the season when precipitation
recycling is maximized in MAGS, the amount of water
from the Pacific Ocean almost doubles the local source
(36.6% of precipitation comes from the NPO region;
Table 2), concurrent with the moisture transport
through the western boundary of the basin. However,
other land areas including the rest of Canada, and even
Asia, also provide significant sources of water. It is im-
portant to note that, in the current framework, we can-
not more clearly identify source regions beyond the
boundaries in Fig. 1.

To better understand the mechanisms by which pre-

TABLE 1. Maximum recycling season time means, area averaged
over each basin, MAGS, MRB, and LBA. The variables are P:
precipitation; E: evaporation; TPW: total precipitable water; QV:
vertically integrated moisture transport at each boundary facing
north (N), south (S), east (E), and west (W); p: recycling ratio
computed from the WVT and Brubaker et al. (1993) bulk (B)
methods and the inflowing moisture for the Brubaker et al. (1993)
method (Q;, is the line-integrated inward transport of water for
this method). All units are mm day ! except for TPW (mm) and
recycling ratios (percent of total precipitation).

MAGS MRB LBA
P 1.9 2.6 73
E 2.1 2.7 38
TPW 13.6 232 438
QVy 5.0 18 2.7
QVg -5.7 -5.9 6.8
QVs 0.7 52 -2.1
QVy -0.1 -12 1.6
Pyt 19.6 234 272
o5 13.7 14.4 175
O 6.8 8.1 9.0
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TABLE 2. Major precipitation source regions for each basin,
MAGS, MRB, and LBA and the percentage of total precipitation
during the 3-month season of maximum precipitation recycling
(M1J for MAGS and MRB, and OND for LBA). Region acro-
nyms are identified in Fig. 1.

Rank MAGS MRB LBA
1 NPO 36.6 MRB 23.4 SAO 43.4
2 MAGS 19.6 US 16.1 LBA 272
3 CAN 17.7 NPO 15.5 SAM 9.2
4 ASA 14.9 NTA 13.9 STA 5.1
5 POL 2.9 GOM 8.9 AFR 4.8
6 US+MRB 2.9 CAR 53 INO 3.8

cipitation recycling occurs, we computed temporal cor-
relations (from the time series of seasonal means for
the 50 years of simulation) between the water budget
terms and the WVTs (Table 3). Here, we see that the
MAGS source for MAGS precipitation (e.g., the pre-
cipitation recycling ratio) correlates to precipitation at
0.53, but not as much to evaporation at 0.31. The cor-
relation of recycling ratio to convective precipitation is
higher (0.73; not in Table 3). It is interesting to note
that the correlations of precipitation with the Pacific
Ocean and Asian sources are negative. This indicates
that, when precipitation is high, the recycling is high
and the external sources are low. The zonal moisture
transport also reflects this feature. Given the lack of
correspondence between evaporation and precipitation
recycling, it appears that the moisture transport varia-
tions affect the interannual variations of precipitation
recycling in MAGS.

Figures 7a and 7b show a graphical comparison of the
major components of the MAGS water budget, namely,
total precipitation, evaporation, inflowing moisture,
and recycling ratio. This shows that there are excep-
tions to the conclusions that we might draw from con-
sidering only the correlations, by providing distribu-
tions to the relationships. However, the magnitude of
the recycling ratio still relates more to the amount of
water coming in than the variations in surface evapo-
ration, in a general sense. Likewise, higher contribu-
tions from the Pacific Ocean can be seen when inflow-
ing moisture is higher, but also in these instances the
precipitation is smaller (Fig. 7c). Another issue not in-
cluded in Tables 1-3 is the impact of snow on the land—
atmosphere interactions in MAGS. Snow is still present
in this simulation, and is also observed, during May and
June (Betts et al. 2003; MacKay et al. 2003). The pres-
ence of snow decreases the basin evaporation (Fig. 7d;
correlation = —0.71). Higher seasonal averages of snow
depth in the basin have lower values of recycling and
evaporation. Lower snow depth may have higher
evaporation, but there is more scatter in the relation-



320

JOURNAL OF HYDROMETEOROLOGY

VOLUME 7

TABLE 3. Correlations of water cycle variables during the season of maximum precipitation recycling for (a) MAGS, (b) MRB, and
(c) LBA. The variables are defined in Table 1. The percentage of total precipitation from major source regions, as well as precipitation
recycling, is also included. In (b), “Trop Atl” indicates the sum of all sources from the tropical Atlantic Ocean (NTA, STA, CAR, and
GOM). Values 0.5 or greater are bold; values —0.5 or less are italic.

(a)

MAGS P E P-E TPW MAGS NPO Asia QVy QVp  QVs  QVy s
E 0.50 1.00

P—E 0.81  —0.10 1.00

TPW 0.46 045 0.22 1.00

MAGS 0.53 031 0.40 0.29 1.00

NPO —-0.55 -018 —050 —034  —058 1.00

Asia —069 033 —057 —032 —0.63 0.41 1.00

QVy —0.51 004 —056 042  —067 0.61 0.65 1.00

QVg 0.59 0.01 0.67 0.49 061 —052  —060  —083 1.00

QVy 0.01 034 021 007 —003 001 0.07 004 —025 1.00

QVy -017  -027 -001 —031  —002 —004  —004  —010 —026 —048 1.00

s 0.63 0.22 0.58 0.44 071  —045  —060  —0.76 081 —005 —021 1.00
O ~0.55 004 —0.66 —034  —061 0.41 0.54 076  —0.85 0.17 017  —0.94
(b)

MRB P E P-E TPW MRB NPO TropAtl QVy, QVp QVs QVy .
E 0.96 1.00

P-E 0.83 0.64 1.00

TPW 0.57 0.55 0.46 1.00

MRB 0.87 0.88 0.61 0.41 1.00

NPO —~054 —054 —041 —043  —058 1.00

Trop Atl  —036  —036  —027 025 —048  —0.03 1.00

QVy 031 031 022 013 0.19 032  —041 1.00

QVg -017  -012  -021  —0.03 004 —029  —001 ~0.69 1.00

QVs 0.40 032 045 0.64 005  —0.19 0.40 009 —0.54 1.00

QVy 016 —021 —003 —054 —004 035  —034 039 —051 —035 1.00

s 0.73 0.79 0.43 0.20 087 —047  —0.59 0.17 027 —026 —0.05 1.00
Oin 0.28 0.24 0.28 049  —0.06  —0.06 0.38 020 —0.60 090 —024 —041
(c)

LBA P E P-E TPW LBA  SAO STA QVy QVp QVy  QVy .
E —0.03 1.00

P-E 099 018 1.00

TPW 0.62 —0.06 0.62 1.00

LBA 0.23 0.27 0.18  —0.04 1.00

SAO ~0.48 008 —049 031  —0.64 1.00

STA 019  —0.03 0.19 033 —033 —0.16 1.00

QVy 0.62 —0.10 0.62 021 063 —072  —0.10 1.00

QVy ~0.37 008 —038 —022 —077 085  —004 075 1.00

QVs 045  —0.08 045 0.26 042  —040  —0.07 019  —0.50 1.00

QVy 042 013 0.44 0.65 —014 028 0.64  —006 —024 024 1.00

s 0.05 0.34 000  —030 087 —048  —037 058 —068 035 —041 1.00
Oin ~0.06 000  —0.06 030  —0.83 0.54 038  —0.66 075 —038 039  —0.94

ship (Fig. 7d). It seems that the partial presence of snow
in space and time during this season affects the precipi-
tation recycling, but these interactions are not linear or
spatially representative of the whole basin.

b. Mississippi River basin

The MRB has some similarities with MAGS regard-
ing the water budget. The maximum recycling season is

MJJ in both cases. Also, both have mean evaporation
only a small amount greater than the precipitation in
this season (Table 1). Being farther south, the MRB
TPW is somewhat larger than MAGS, and the convec-
tive precipitation is much greater (93% of total precipi-
tation in MRB is convective, compared to 74% in
MAGS). The moisture transport from the south bound-
ary is the dominant inflow of atmospheric water. The
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FIG. 7. Scatter diagrams of some of the seasonal and MAGS basin-averaged moisture budget data used to create Table 3a. The figures
compare (a) P and Q;, with recycling ratio (in color); (b) P and E with recycling ratio (in color); (c¢) P and Q;, with the NPO moisture
source (in color); and (d) SNOWdp and E with recycling ratio (in color). Variable names follow the definitions in Tables 1-3 and units

are mm day ', except SNOWdp is the snow depth in meters.

western boundary transport certainly contributes to the
basin-scale water cycle, but this varies throughout the
season (Fig. 4). The dominant sources of water for the
MRB are from the tropical Atlantic Ocean regions
(Table 2). While we have disaggregated these sources
(including the Gulf of Mexico, Caribbean Sea, and
tropical Atlantic Ocean), their combination exceeds the
precipitation recycling (also noted by Brubaker et al.
2001). In many meteorological analyses, it is often
noted that rain is occurring because of water from the
Gulf of Mexico, when wind flows from the south across
the southeastern United States. Given the differences
in area extent, it is not surprising that the tropical At-
lantic Ocean provides more moisture for precipitation
than the Gulf of Mexico itself. The dominant oceanic
source is then the moist air mass that extends eastward
back to Africa. Also, given the area extent of the Pacific

Ocean source, it still makes a substantial contribution
to the MRB water budget in MJJ (especially in May;
Fig. 4b).

The variability of the MRB water budget contrasts
MAGS in several key relationships. Most notably, the
precipitation and evaporation are highly correlated. In-
deed, the precipitation recycling ratio is also highly cor-
related with both precipitation and evaporation. Bosi-
lovich and Schubert (2001) evaluated the bulk diagnos-
tic precipitation recycling for the central United States
in the Goddard Earth Observing System 1 (GEOS 1)
reanalysis and found less sensitivity to evaporation.
That system used prescribed soil moisture input such
that the evaporation could not respond to precipitation.
Despite being the largest mean source of water for the
MRB, the tropical Atlantic Ocean sources variability
does not strongly correlate with total precipitation. To-
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FIG. 8. Scatter diagrams of some of the seasonal and MRB basin-averaged moisture budget data used to create Table 3b. The figures
compare (a) P and Q;, with recycling ratio (in color); (b) P and E with recycling ratio (in color); (¢) P and Q;, with the NPO moisture
source (in color); and (d) Br and PBLh with recycling ratio (in color). Variable names follow the definitions in Tables 1-3 and units
are mm day ', except Br is the Bowen ratio (sensible heat flux divided by latent heat flux: dimensionless) and PBLh is the depth of

the planetary boundary layer in meters.

tal precipitable water does positively correlate with
northward transport of water through the south bound-
ary. With the long distance that water has to travel from
the tropical Atlantic Ocean to the MRB, the north
tropical Atlantic Ocean (NTA) water is mixing
throughout the column. Surface evaporation, on the
other hand, enters the atmosphere within the PBL and
near the cloud base, so it can be entrained into convec-
tion, which leads to precipitation recycling (e.g., Bosi-
lovich 2002). Many models show that the central
United States is a region where the coupling strength
between the land and atmosphere is strong (Koster et
al. 2004). Water tracers delineate the local mass of wa-
ter that contributes to the mass of precipitation, inte-
grating the pathway from evaporation to precipitation,
so that precipitation recycling may be another diagnos-
tic of the land-atmosphere coupling.

Figures 8a and 8b show the MRB relationships be-

tween precipitation, evaporation, inflowing moisture
transport, and recycling ratio. The figure demonstrates
the strong linear correlations between P, E, and recy-
cling and low correlation between inflowing moisture
with precipitation and moisture transport. The connec-
tion between tropical Atlantic Ocean sources with pre-
cipitation and moisture inflow is less clearly defined
(Fig. 8c). In a general sense, higher contributions from
the tropical Atlantic ratios are associated with higher
moisture inflow, but with the total precipitation there
are substantial variations. This is partly related to
somewhat large inflow of moisture that also comes
from the Pacific Ocean (Tables 2 and 3). Figure 8d
shows the connection between the surface and the plan-
etary boundary layer (PBL) in the MRB. The Bowen
ratio is the surface sensible heat divided by the latent
heat flux. Sensible heat provides the heating that drives
the turbulent mixing of the lowest layers of the atmo-
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sphere. When latent heat is high, sensible heat and PBL
depth are lower, but the PBL is more moist. Moist
boundary layers lead to more recycled precipitation
than dry, deep PBLs.

c. Amazon River basin

Precipitation recycling has been considered an im-
portant feedback mechanism in the Amazon River ba-
sin for some time (Lettau et al. 1979; Eltahir and Bras
1994). The Amazon basin differs substantially from
MAGS and MRB, aside from the tropical geographic
location. In this experiment, the precipitation and
evaporation are much larger than in the other basins.
Also, precipitation is much more than the evaporation
area averaged in the Amazon basin. The simulated pre-
cipitation does exceed the GPCP estimates (Figs. 2 and
6). Basin-averaged precipitation measurements can be
approximately 6 mm day ! for this season, and it is a
season of transition (Betts et al. 2005; Marengo 2005).
The value of evaporation is also low compared to Na-
tional Centers for Environmental Prediction (NCEP)-
NCAR reanalysis, but the model has low interannual
variability, which agrees with the reanalysis (Marengo
2004).

The moisture transport into the basin is predomi-
nantly from the east, so the South Atlantic Ocean is the
primary source of water for precipitation (Table 2). The
recycling ratio is 27.2% for this season and, given that
the precipitation is so large, the amount of recycled
precipitation is 2 mm day !. The amount of basin
evaporation that is recycled is then more than 50%.
While it is difficult to intercompare the recycling ratios
for different regions (e.g., length scale dependence; El-
tahir and Bras 1996), the difference in the amount of
evaporation that is recycled between LBA and the
MRB and MAGS is likely due to the efficiency of local
water to be entrained into convective precipitation. The
efficiency may be related to both the tropical environ-
ment and the model’s parameterization of convective
precipitation.

The LBA basin also differs from the MRB and
MAGS in that the evaporation has very low interannual
variability. This leads to no correlation between evapo-
ration and precipitation (Table 3c). There is also no
correlation between the inflowing moisture and precipi-
tation (Table 3c; Figs. 9a and 9b) The soil moisture
exceeds field capacity each year so that the interannual
variations of evaporation are small. In addition, since
evaporation changes little, variations in precipitation
recycling are related to changes in moisture transport.
When inflowing moisture is strong (weak), the recy-
cling is weak (strong) as in Fig. 9a. Owing to inflowing
moisture and weak variability of evaporation, the South
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Atlantic Ocean and LBA sources are anticorrelated
(Table 3; Figs. 9a and 9c). Figure 9b shows the lack of
any clear relationship among precipitation, evapora-
tion, and recycling ratio in LBA. However, variations in
the Bowen ratio (from surface sensible heating) still
relate closely to the thickness of the PBL, as in MRB
(Fig. 9d). Similar to MRB, the recycling ratio is gener-
ally higher for a shallow PBL and small Bowen ratio.
The mean analysis shows that the surface evaporative
contribution to precipitation is crucial. However, the
correlation between PBL depth and precipitation is
—0.82. In the model simulation, when the large-scale
atmospheric circulation brings more moisture from the
east, the cloudiness is reduced, the PBL thickness is
greater (Bowen ratio is larger), and the recycling is
lower.

d. Bulk diagnostic precipitation recycling

Bulk diagnostic estimations of precipitation recycling
are straightforward derivations and solutions of basin-
scale water budgets using monthly mean data (Bru-
baker et al. 1993; Eltahir and Bras 1994, 1996; Tren-
berth 1998; Bosilovich and Schubert 2001; Zangvil et al.
2004). For comparison, we implemented the Brubaker
et al. (1993) method for each of the basins. This recy-
cling ratio and the inflowing moisture transport (p, and
Qi respectively) are included in Tables 1 and 3. The
bulk recycling method tends toward lower values than
the WVT recycling ratio calculation. This underesti-
mate is likely a result of the assumptions imposed on
the derivation and use of monthly mean data to make
the calculation (Bosilovich and Schubert 2002). How-
ever, the bulk recycling correlates to the WVT recy-
cling at a very high level for each basin (Table 3). In
addition, the bulk recycling calculation appears to re-
flect similar relationships to precipitation, evaporation,
and moisture transport as for the WVT recycling. This
suggests that the bulk recycling calculation can repre-
sent the interannual variability of recycling as an index.
This fortifies the same conclusion by Bosilovich and
Schubert (2002) by adding more seasons to the calcu-
lation of the correlation and by evaluating more basins.

5. Large-scale interactions

To extend the discussion of the sensitivity of precipi-
tation recycling beyond the local basin-scale water bud-
get, we have evaluated composite years to identify
variations in the atmospheric circulation and far-field
physical processes. For each basin, we have identified
the five highest and five lowest seasonal values of pre-
cipitation recycling in the 50-yr time series. Each of
these sets of five years is combined together into a com-
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FI1G. 9. Scatter diagrams of some of the seasonal and LBA basin-averaged moisture budget data used to create Table 3c. The figures
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source (in color); and (d) Br and PBLh with recycling ratio (in color). Variable names follow the definitions in Tables 1-3 and units
are mm day~'; Br is the Bowen ratio (sensible heat flux divided by latent heat flux; dimensionless) and PBLh is the depth of the

planetary boundary layer in meters.

posite. The WVT precipitation recycling for each year
of the composites is outside of plus/minus one standard
deviation of the basin mean.

a. MacKenzie River basin

Figure 10 shows the mean differences between the
MAGS highest and lowest precipitation recycling years.
In the 1000-500-hPa thickness field, high values over
the region west of MAGS, and low anomalies over the
rest of North America, occur when recycling is high.
Coincident with the height features is a southward shift
of the zonal moisture transport (Fig. 10b). The local
positive evaporation anomaly in MAGS is not persis-
tent across the basin. There is a reduction of evapora-
tion in the Pacific Ocean off the west coast of the
United States, but this is likely of secondary importance
compared to the moisture transport anomaly. West of
MAGS through Alaska, the surface temperatures are
warm (Fig. 10d), and the soil moisture in the top layers

is dry (not shown). In general, the soil moisture
anomaly is positive for the interior of MAGS when
recycling is high. However, the southerly shift or weak-
ening of the moisture transport reduces the external
source of water for precipitation so that, when precipi-
tation occurs, the local sources are relatively higher.
Linear trends in the water budget for the MAGS region
were also evaluated for the total 50-yr simulation.
While there is some increasing precipitation over the
last 25 years (Fig. 5a), weak trends in moisture trans-
port and convergence, evaporation, recycling, and ex-
ternal sources of water are not statistically significantly
different from zero.

b. Mississippi River basin

In the MRB, high recycling years are characterized
by low heights (and 1000-500-hPa thicknesses) over the
continental United States (Fig. 11a). The circulation
anomaly coincides with a reduction in the northward
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F1G. 10. Mean differences between the five highest and five lowest precipitation recycling years (MJJ) for the MAGS basin of (a)
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surface temperature (K). The black contours show the statistically significant differences (at the 5% and 10% level). The MAGS basin

grid points are outlined.

transport of moisture by the low-level jet (Fig. 11b) and
a reduction in the tropical easterly transport of mois-
ture across the Gulf of Mexico (not shown). In the high
recycling years, there is ample soil moisture and the
evaporation in the basin is generally strong. There is a
cold anomaly across the basin, but it extends beyond
the basin and the increased evaporation anomaly. The
low-level jet provides a large mean source of water va-
por for the MRB (Tables 1 and 2). Oglesby et al. (2001)
evaluated NCAR CCM3 warm-season precipitation
over the MRB, and their differences of wet and dry
annual composites are quite similar to Fig. 11. How-
ever, their analysis did not extend southward to the
tropical oceans.

In high recycling years, SSTs in the equatorial Pacific
Ocean are noticeably warm (Fig. 11d). In evaluating ex-
treme events in the U.S. climatology, Trenberth and
Guillemot (1996) show that the tropical SSTs had some

influence on the MJJ large-scale circulation including
the low-level jet, when warm (cold) tropical Pacific
SSTs were related to the 1993 flooding precipitation
(1988 drought and heat wave). We computed the cor-
relations of the MJJ precipitation and recycling with the
Nifno-1 + -2 region (0°-10°S, 90°-80°W) SST anomaly
in the model. The correlations are positive at 0.38 for
precipitation and 0.37 for recycling ratio (0.28 correla-
tion is significantly different from zero at the 5% level).
There are occasions when the precipitation recycling is
high, but the equatorial Pacific SSTs are cold. Several
issues affect the relationships through teleconnections,
such as only one realization of the climate in this ex-
periment and the memory of the land surface soil mois-
ture, where deep soil moisture anomalies could persist
for some time, affecting the surface evaporation and
recycling.

While a weak increasing trend in precipitation seems
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F1G. 11. As in Fig. 10 except for the MRB. (b) The moisture transport is for the meridional component.

to be apparent in the later part of the simulation (Fig.
5b), it is not statistically significantly different from
zero. However, the atmospheric circulation and mois-
ture transport did exhibit a trend, apparent in the mois-
ture transport through the region (Fig. 12). The mois-
ture flowing into the basin from the south increases
over the 50 years of simulation, but the precipitation,
evaporation, and convergence all exhibit little change
over the entire period. Likewise, the water tracers do
not have a statistically significant trend. Rather, the
moisture transport out of the region is increasing with a
similar magnitude with no change in the moisture con-
vergence. For this experiment, only mean water cycle
diagnostics were saved. Diagnostics relating to the fre-
quency and duration of individual precipitation events
were not stored, but could provide more information
on the local changes (e.g., Trenberth et al. 2003).

c. Amazon River basin

When recycling is high in the LBA basin, the inflow
of moisture from the east is reduced (Table 3). The

zonal moisture transport anomaly associated with this
extends from the southern Atlantic Ocean into the
equatorial Pacific Ocean (Fig. 13a) for the extreme
(high and low) recycling years. The precipitation
anomaly for high LBA recycling is also positive (Fig.
13b), even with less moisture inflow. The precipitation
across the Atlantic convergence zone is generally in-
creased for high LBA recycling. Figure 13c is included
to contrast the MRB recycling dependency on evapo-
ration with the LBA. The SST anomaly shows cold
temperatures in the equatorial Pacific Ocean for high
precipitation recycling years (Fig. 13d). These cold tem-
peratures are likely contributing to the weakening of
the zonal moisture transport.

In general, SSTs are increasing during these 50 years
of simulation, which leads to a general decreasing trend
of global precipitation over land (e.g., Bosilovich et al.
2005). The LBA precipitation decreases over the 50 yr
(—0.1 mm day ' per decade of annual average precipi-
tation). This is, in part, related to the reduction of re-
cycling in time (Fig. 14). The relationship discussed ear-
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lier between recycling and moisture transport is appar-
ent in the time series. The recycling ratio is decreasing
by —2.4% and the easterly moisture transport increases
by 0.83 mm day ' over the 50 yr. The trends are re-
sponding to the SST forcing. Changes in leaf area index
and vegetation cover are not included, but might also
affect the recycling and feedback.

6. Summary and conclusions

Precipitation recycling is an important process in the
water budget and land-atmosphere interactions of a
large river basin. However, the mechanisms driving the
interactions are not linear and may vary among basins.
Here, we evaluate a long AGCM simulation of the wa-
ter cycle in three river basins with distinct regional dif-
ferences: MAGS, MRB, and LBA. In addition to the
basin-averaged water budget terms, we also include
analysis of water sources and precipitation recycling
from water vapor tracers and a bulk diagnostic precipi-
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tation recycling method. The simulation used the ob-
served SST from the Hadley Centre to prescribe the
ocean surface forcing, but no other prescribed time-
varying data (e.g., vegetation, carbon dioxide, or aero-
sols). The model forcing and configuration will be im-
proved in forthcoming Climate of the Twentieth Cen-
tury experiments (Folland et al. 2002).

Given the definition of precipitation recycling, “the
contribution of local evaporation to local precipitation”
(Eltahir and Bras 1996), one might assume that the
precipitation recycling is a sole function of evaporation.
Indeed, without evaporation, there would be no pre-
cipitation recycling, and the annual cycle of precipita-
tion recycling tracks evaporation (Bosilovich and Schu-
bert 2001). While most studies include a discussion of
the moisture transport (Brubaker et al. 1993; Eltahir
and Bras 1996), in some regions the interannual vari-
ability of the precipitation recycling is strongly related
to the interannual variability of the moisture transport
(e.g., MAGS and LBA). In the MRB, there was some
concurrent variability of the moisture transport with
precipitation recycling, but the sensitivity to evapora-
tion is much larger. This may be expected, as the region
has been identified as an area of enhanced land-
atmosphere coupling in many models (Koster et al.
2004).

One result that is important for future studies is the
strong correlation between recycling ratios calculated
from the WVT method and the bulk diagnostic method
(Brubaker et al. 1993). The WVT recycling ratios are
diagnosed from passive tracers that are predicted for-
ward in time at each model time step. The WVTs ex-
perience the diurnal cycle, individual convective events,
and synoptic storm systems, while taking up modest
computing resources. The bulk diagnostic recycling is
computed with monthly mean water budget data after
the simulation is completed. The bulk recycling vari-
ability in coupled ocean—atmosphere simulations or re-
analyses will provide useful information on the local
coupling. The weakness of this method is that it cannot
account for sources and destinations of water vapor
other than the recycling. Other methods can be used to
diagnose the water sources in an offline sense, but their
complexity and input requirements increase beyond
that of the bulk methods.

The current WVT method also has some weaknesses.
The source regions are defined at the beginning of the
simulation. If, at a later date, a new source region were
required, the simulation would have to be performed
again. Also, while large-scale sources can be identified
(e.g., Pacific Ocean), the regional source geographic
locations cannot be identified more specifically. Ideally,
if tracer sources could be identified at specific grid
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points, the WVT method could be used to identify both
forward and backward tracing of water.
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