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[1] We use a simple trajectory model to investigate the mechanisms that regulate mid- and
upper-tropospheric humidity. Our model advects water passively and contains no
microphysics other than the requirement that water vapor is immediately removed so as to
prevent the relative humidity from ever exceeding 100%. We demonstrate that our model
accurately reproduces H2O measurements made by the Atmospheric Infrared Sounder
onboard NASA’s Aqua satellite. Our results show that, given the large-scale circulation of
the troposphere, detailed microphysics need not be included in order to accurately simulate
H2O. We have also identified three preferred regions where air parcels in the mid and
upper troposphere experience their final dehydration. The first is in the equatorial
upper troposphere and is associated with convective outflow at the top of the tropical
Hadley circulation. Final dehydration of air that detrains at potential temperature q above
�340 K (�10 km) predominantly occurs here. The other two regions are found at lower
altitudes in the midlatitudes of both hemispheres and are associated with dehydration
during isentropic excursions to midlatitudes. Final dehydration of air that detrains at q
below �340 K predominantly occurs here. Finally, we analyze the water budget of the dry
eastern Pacific subtropics and find that dehydration in both the equatorial upper troposphere
and the midlatitudes contribute to the dryness there.
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1. Introduction

[2] Water vapor is the most important greenhouse gas in
the atmosphere. As such, understanding the mechanisms
that regulate it is of central importance for understanding
past and future climate change. It is often argued that
microphysical processes occurring in and around convec-
tion play a key role in regulating tropospheric humidity
[e.g., Rennó et al., 1994; Emanuel and Pierrehumbert,
1995; Emanuel and Zivkovic-Rothman, 1999; Lindzen
et al., 2001]. This would suggest that detailed microphysics
must be included in climate models in order for them to
accurately simulate tropospheric humidity. Present-day
climate models do not include detailed microphysics, and
the prospects of adding them in the near future appear dim
owing to their high computational expense. Thus if detailed
microphysics are indeed necessary for accurate predictions
of our climate, then predictions of future warming made by
today’s climate models must be viewed as highly uncertain.
[3] Over the past 10 years, however, an alternative school

of thought has emerged: that detailed microphysics need not
be included in models in order to accurately simulate
tropical tropospheric humidity. The view is based on results

of simplified models of the troposphere that advect water
passively and contain virtually no microphysics other than
the requirement that water vapor is immediately removed so
as to prevent the relative humidity (RH) from exceeding
100%. These simple models are sometimes referred to as
large-scale control (LSC) models, and, despite their sim-
plicity, they have proven effective in simulating tropical
upper tropospheric humidity [Sherwood, 1996; Salathe
and Hartmann, 1997, 2000; Pierrehumbert and Roca,
1998; Dessler and Sherwood, 2000; Folkins et al., 2002b;
Minschwaner and Dessler, 2004].
[4] Previous analyses of LSC-based models have com-

pared model reconstructions of tropospheric H2O to rela-
tively crude measurements of H2O in the mid and upper
troposphere. In this paper, we will compare reconstructions
of tropospheric H2O from our trajectory-based LSC model
to measurements of H2O from the Atmospheric Infrared
Sounder (AIRS) onboard NASA’s Aqua satellite. The AIRS
data set provides high vertical resolution and high-accuracy
measurements, as well as the ability to retrieve H2O in
partially cloudy regions. It is therefore an improvement
over previous tropospheric H2O measurements and provides
a high-quality data set to test the LSC model against. We
will also analyze our model in order to determine what
mechanisms are most important in regulating tropospheric
humidity, following along the same lines as the recent paper
by Galewsky et al. [2005].
[5] In section 2, we describe the AIRS measurements and

the trajectory-based LSC model. In section 3, we compare
the model’s H2O simulations to AIRS measurements in the
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mid and upper troposphere. In section 4, we analyze the
model to gain insight into the mechanisms that regulate
mid- and upper-tropospheric humidity. In section 5, we
present our conclusions.

2. Data and Model

2.1. AIRS Measurements

[6] AIRS measurements of H2O vapor mixing ratio
(in g/kg) were obtained from 1 March 2003 through
28 February 2004 and nearly cover the tropics each day, with
equator crossing times of 1:30 am and 1:30 pm local solar
time. Throughout the rest of the paper, references to ‘‘H2O’’
refer to the vapor phase exclusively; references to conden-
sate will be explicitly noted. The horizontal resolution of the
AIRS footprint is �14 km (nadir), but retrievals are done on
a three-by-three matrix of AIRS footprints, meaning that the
resolution of a single retrieval is �50 km. Individual AIRS
retrievals have a vertical resolution of 2 km and an accuracy
of �10% throughout most of the troposphere [Fetzer et al.,
2005, Table 8]. We also note that the AIRS retrieval
algorithm incorporates a unique cloud-clearing algorithm
[Susskind et al., 2003] that allows retrievals to be made in
the presence of up to 80% cloud cover.
[7] In this analysis, we use version 4 of the AIRS’ daily

level-3 product, in which individual retrievals of H2O from
a single day have been aggregated into 1� � 1� boxes
covering the globe. We average the H2O measurements
from the ascending and descending orbits to produce a
single value each day in each 1� � 1� box. If there are no
data from an ascending or descending orbit, we set the daily
average equal to the data from the other orbit. If both orbits
are missing, then that grid point is flagged as invalid for
that day.
[8] AIRS measurements of H2O are not retrieved on the

AIRS standard pressure levels, but at pressures equal to the
geometric mean of adjacent standard levels. In this paper,
we will analyze measurements at �547 hPa (between the
600- and 500-hPa standard levels) and �346 hPa (between
the 400- and 300-hPa standard levels), corresponding to
altitudes of around 5 and 9 km, respectively. We focus on
these levels because changes in H2O here have the strongest
impact on radiative forcing of the surface-troposphere
system [e.g., Held and Soden, 2000].

2.2. Trajectory Simulations

[9] We will compare the AIRS measurements to simu-
lations of H2O at 547 and 346 hPa from a trajectory-based
LSC model. To determine the H2O at a given location Xo

and time to, we begin by running a trajectory from that
location and time backwards for 30 days. The trajectories
use horizontal and vertical winds from the 6-hourly NCEP
reanalysis [Kalnay et al., 1996] and are numerically inte-
grated with a fourth-order Runge-Kutta scheme using a
fixed time step of 1/100 of a day. We use here the same
integrator as was used by Dessler and Sherwood [2000].
[10] We determine the H2O at Xo and to using the follow-

ing method. First, we examine the back trajectory in order to
determine the last time the parcel encountered convection.
We consider a parcel as ‘‘encountering convection’’ when-
ever the parcel’s potential temperature (q) increases by more
than a prescribed threshold value (without regard for how

long it takes for the q increase to occur). This approach is
adopted because the dominant process increasing q in the
troposphere is convection.
[11] We assume that the RH of the parcel is set to 100%

by its encounter with convection (all RH values in this
paper are with respect to ice). After the convective encoun-
ter, H2O is advected passively along the trajectory except
when temperature decreases enough to lead to RH > 100%.
When that happens, excess H2O is removed so as to keep
the RH equal to 100%. In other words, the H2O at the end of
the trajectory is equal to the minimum saturation H2O that
occurred along the trajectory after the most recent encounter
with convection.
[12] To simulate the tropical H2O field for a given day, we

follow this procedure for a grid of points matching the AIRS
level-3 grid (1� latitude � 1� longitude) from 30�N to 30�S,
and at 547 and 346 hPa. All trajectory integrations begin at
1200 UT. This approach is similar to the reverse-domain
filling procedure of Sutton et al. [1994], which is widely
used for reconstructing constituent fields. We simulate daily
H2O this way for every day from 1 March 2003 through
28 February 2004.
[13] An adjustable parameter in our model is the

threshold used to identify encounters with convection.
Our ‘‘standard model’’ uses a threshold of 1/3(qmax � 300),
where qmax is the maximum q (in K) that the parcel
experiences over its 30-day trajectory. Thus if a particular
parcel reaches a maximum q of 375 K, then the convective
threshold is 25 K. Anytime this particular parcel’s q
increases by 25 K, we consider it to have encountered
convection. This threshold is arbitrary, but reasonable based
on a manual review of a hundred or so trajectories. To
evaluate our sensitivity to this arbitrary choice, we have
also tested two other thresholds in this analysis. One is a
fixed 10-K threshold, while the other uses a threshold of
1/2(qmax � 300). We will discuss the sensitivity to this
threshold in the next section.
[14] About one quarter of the parcels never experience an

increase in q greater than the convective threshold; these
parcels are considered indeterminate and are excluded from
any analyses. Of those that do encounter convection, most
experience it within the last few days of the trajectory. For
parcels initialized at 547 hPa, for example, 80% have
experienced convection within the previous 2 days, 91%
within 5 days, and 97% in 10 days.
[15] This LSC model is similar to one that has been used

previously in successful investigations of tropospheric
humidity by Dessler and Sherwood [2000] and Waugh
[2005], although there are some differences. In particular,
we adopt here a new initialization scheme that we believe
is more physically reasonable.

3. Model Simulations and Comparisons to Data

3.1. The LSC Model Versus AIRS

[16] Figure 1 shows average H2O between 1 March 2003
and 28 February 2004, calculated by the trajectory model.
At both 346 and 547 hPa, regions of high H2O are found
over South America, equatorial Africa, and the western
Pacific, all regions of intense convection. One can also
see the intertropical convergence zone and the southern
Pacific convergence zone clearly reflected in the H2O field.
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