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Abstract. A tropical channel version of the Weather Re- accepted that the entry of water vapor into the stratosphere
search and Forecasting (WRF) model is used to investigatés primarily regulated by the interaction of mass transport
the radiative impacts of upper tropospheric clouds on wa-and dehydration in the tropics. However, considerable uncer-
ter vapor in the tropical tropopause layer (TTL). The WRF tainty exists about the details of water vapor entry from the
simulations of cloud radiative effects and water vapor in thetropical tropopause layer (TTL), the transition layer from the
upper troposphere and lower stratosphere show reasonabteoposphere to the stratosphere.
agreement with observations, including approximate repro- Itis suggested that air is transported to the stratosphere by
duction of the water vapor “tape recorder” signal. By turn- large-scale slow vertical motions associated with clear-sky
ing on and off the upper tropospheric cloud radiative effectradiative heating (e.g., Brewer, 1949). Nonetheless, the mass
(UTCRE) above 200 hPa, we find that UTCRE induces aflux associated with the clear sky radiative heating is too slow
warming of 0.76 K and a moistening of 9% in the upper tro- to support observational rate of troposphere-to-stratosphere
posphere at 215 hPa. However, UTCRE cools and dehydratesansport (TST; e.g., Sherwood and Dessler, 2003). An alter-
the TTL, with a cooling of 0.82 K and a dehydration of 16 % native hypothesis is that the tropical TST is primarily con-
at 100 hPa. The enhanced vertical ascent due to UTCRE cortributed by deep convective overshooting (e.g., Sherwood
tributes substantially to mass transport and the dehydratiomnd Dessler, 2000). Recently, the radiative effect of cirrus
in the TTL. The hydration due to the enhanced vertical trans-clouds is proposed to be a likely mechanism to accelerate
port is counteracted by the dehydration from adiabatic coolthe mass transport from the troposphere to the stratosphere
ing associated with the enhanced vertical motion. UTCRE(Corti et al., 2005; 2006; Huang and Su, 2008; Tzella and
also substantially changes the horizontal winds in the TTL,Legras, 2011).
resulting in shifts of the strongest dehydration away from the Another debate exists because the entry of stratospheric
lowest temperature anomalies in the TTL. UTCRE increasesvater vapor is drier than the expected water vapor satura-
in-situ cloud formation in the TTL. A seasonal variation is tion mixing ratio with respect to zonal-mean temperature
shown in the simulated UTCRE, with stronger impact in thein the TTL (Newell and Gould-Stewart, 1981). Holton and
moist phase from June to November than in the dry phaséettelman (2001) suggested that rapid horizontal advection
from December to May. will repeatly expose air to the lowest temperature region
thereby dehydrating air to concentration lower than pre-
dicted by the tropical zonal mean temperature. Sherwood and
Dessler (2000) postulated that dehydration might be primar-
1 Introduction ily due to deep convective overshooting. However, experi-
ments showed that overshooting convection hydrates rather
Water vapor in the stratosphere plays an important roleghan dehydrates the tropical lower stratosphere (e.g., Corti

in the stratospheric radiative budget and chemistry (€.get al., 2008). Lagrangian trajectory calculations driven by
Fueglistaler et al., 2009, and references therein). It is widely
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synoptic-scale temperature and wind fileds from reanalysidydration/dehydration by UTCRE are discussed in Sect. 5.
data (Fueglistaler et al., 2005; Schoeberl and Dessler, 201I)he conclusion is given in Sect. 6.
can reproduce the entry of water vapor into the stratosphere
well, validating the idea of Holton and Gettleman (2001).
Due to the strong temperature dependence of water vapa? Model configuration
pressure over ice, dehydration and transport are intrinsically
coupled. As a state-of-the-art atmospheric simulation system, the

Previous studies have demonstrated that upper tropoWeather Research and Forecasting (WRF) model is suitable
spheric cloud has significant radiative impacts on TTL tem-for a broad range of applications across scales ranging from
perature or mass transport. A single-layer thin cirrus in themeters to thousands of kilometers. The Advanced Research
TTL warms the local atmosphere by absorbing longwave raWRF (ARW) model (Skamarock et al., 2008) Version 3.3 is
diation from surface but emitting at a lower temperature, andused in this study. Different from the common practice that
thus enhances vertical ascent. For multi-layer cirrus cloudsuses WRF with a regional domain, model simulations in this
the cloud radiative effect (CRE) is dependent on the con-study are configured as a tropical channel model with global
trast of radiative fluxes between the cirrus in the TTL andcoverage in the zonal direction but tropically constrained
underlying clouds (e.g., Hartmann et al., 2001). TTL cirrus boundaries in the meridional direction. The tropical channel
overlapping thick clouds could radiatively cool the TTL and configuration allows for a realistic depiction of tropical circu-
result in a weakening of vertical ascent. The opaque cloudsation in the UTLS as the horizontal transport of water vapor
(r = 3) canwarmthe TTL by absorbing solar radiation (Yang is quite important to understand the dehydration in the up-
et al., 2010). Observational data show that cirrus leads to er troposphere and lower stratosphere (UTLS). It has been
net positive cloud radiative heating in the TTL (e.g., Su et al.,shown that the tropical channel configuration can reproduce
2009; Yang et al., 2010). With a two-dimension (2-D) model, the initiation and gross features of Madden-Julian oscillation
Rosenfield et al. (1998) showed that the radiative heating o{MJO) events (Ray and Zhang, 2010; Ray et al., 2011).
subvisible thin cirrus would resultin a warming of 1-2Kand  The control simulation (referred to as CTRL) runs at
a vertical velocity increase of 0.02-0.04 mnisn the TTL. 50km horizontal resolution, covering 1S to 45 N and
The lower stratosphere is hydrated by as much as 1 ppmv du#8C° W to 180 E. The meridional asymmetry is to avoid
to the warmer tropopause. However, other studies showed deleterious feedback from a systematic high bias in the
that cirrus radiative effects are complicated. On one handSouthern Hemispheric (south to °15) TTL water vapor,
cirrus radiative heating drives the cloud lofting. The cirrus which appears to be related to poor representation of the
can persist for days and the TTL is dehydrated by the freezestratospheric circulation in this version of WRF (Jiang et al.,
drying process associated with the uplift of the cloud layer2010). A periodic boundary condition is used in the east-west
(Jensen et al., 1996; Jensen and Pfister, 2004). On the othdirection. The specified lateral boundary conditions in the
hand, the cirrus radiative effects can dissipate clouds in sevaorth-south boundaries apply to the horizontal wind compo-
eral hours if the energy is only used to warm the atmospheraents, potential temperature, water vapor, geopotential and
(Jensen et al., 1996). Dinh et al. (2010) suggested that radiair mass, with a nine-point relaxation zone. The initialization
tive heating of subvisible cirrus has a potential to dehydratefields and lateral boundary conditions (surface and north-
the TTL by conversion of water vapor into ice through con- south boundaries) for meteorological fields are obtained from
vergence of dry air, without involving adiabatic cooling as- the T255 (79km) horizontal resolution of ERA-Interim
sociated with external large-scale uplift. Also, cirrus can bereanalysis data (http://dss.ucar.edu/datasets/ds§2with
maintained by the circulation thermally forced by the cloud an update at every 5 days (over the 5 days, an average
radiative heating. tendency for every prognostic variable is imposed at ev-

Since most of the previous modeling studies were basecery time step based on the differences between the 5 days)
on idealized 2-D framework, a realistic representation of 3-for the lateral boundary conditions. To minimize the impact
D structure of the TTL is needed to better understand andf lateral boundary conditions, the simulated results within
quantify the radiative impacts of clouds on the TTL water va- 10° S—40 N are analyzed with a focus on the inner trop-
por. Driven by reanalysis data, a 3-D tropical channel modelics (10 S-10 N), outside the relaxation zone at the north-
is used in this study to investigate the radiative impacts ofsouth boundary. The model simulation is conducted from
upper tropospheric (above 200 hPa) clouds on the TTL wa-l September 2004 to 30 November 2008. Analyses are fo-
ter vapor. The model configuration is described in Sect. 2.cused on the last four years (1 December 2004 to 30 Novem-
In Sect. 3, the performance of the tropical channel model inber 2008) to avoid the impact of initial conditions. With a
representing CRE and water vapor in the TTL is presented irterrain-following hydrostatic-pressure coordinate, the model
comparison with satellite observations. Section 4 presents theop is set at 10hPa. The model has 49 vertical levels in
upper tropospheric cloud radiative effects (UTCRE) on thea terrain-following hydrostatic-pressure vertical coordinate,
TTL in the model. The physical processes related to the TTLincluding 7-8 levels in the TTL, with the vertical resolution

of ~0.6km. Based on the observed large-scale dynamical
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structures, Fueglistaler et al. (2009) defined the TTL as a MLS water vapor anomaly, 10°S to 10°N
layer between 150 hPa-(L4 km) and 70 hPa~18.5km). In 46 [ O I

this study, we follow their definition of the TTL, focusing on

) |
the 5 pressure levels (147 hPa, 121 hPa, 100hPa, 83hPa ar5 43
68 hPa) in the TTL, which are the standard pressure levels for?_:; i
the Aura Microwave Limb Sounder (MLS) water vapor prod- 100 ' : -
ucts. Model simulations are interpolated to the MLS standard

pressure levels.

The principal physical schemes used in the simulation in-
clude the Lin et al. microphysics scheme (Chen and Sun, ,; (a‘)ﬂlr P VY BRI LA VA 4 ni
2002), the Grell 3D ensemble cumulus scheme (Grell and Dec  Jun  Dec  Jun  Dec  Jun Dec  Jun  Dec
Devenyi, 2002), the Rapid Radiative Transfer Model for 04 05 06 07 08
Global climate models (RRTMG) longwave scheme (Mlawer WRF CTRL water vapor anomaly, 10°S to 10°N
et al., 1997; lacono et al., 2000) and the Goddard shortwave
scheme (Chou and Suarez, 1994). In the radiation param:
eterization, CRE is calculated as a function of diagnostic
cloud fraction based on relative humidity. In order to investi-
gate UTCRE, a sensitivity run (referred as to UTNR) is con-
ducted by turning off CRE (both longwave and shortwave)
above 200 hPa, with no modifications of cloud contents and &
other parameters. Thus, the differences between the CTRL
and UTNR simulations represent UTCRE.

Pressure
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147 —
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Model performance _ . . . : .
3 odel pe Fig. 1. Height-time cross section of inner tropical 18-10° N)

mean water vapor anomalies frda) MLS and(b) the WRF CTRL
drun. The anomalies are relative to inner tropical mean averaged from
1 December 2004 to 30 November 2008.

The MLS Level 2 water vapor product V3.3 (Livesey et al.,
2011) is used in this study to evaluate the WRF simulate
water vapor in the TTL. Launched in July of 2004, the MLS
instrument on board the Aura satellite provides global mea-
surement of upper tropospheric and stratospheric water vapahe inner tropics is 0.67 mnt$ at 100 hPa, somewhat larger
(Waters et al., 2006). The MLS water vapor data in the TTL than the observed mean vertical velocity about 0.4 mhs
have a vertical resolution of3km and horizontal resolu- (Mote et al., 1998).
tions of ~7 km across-track ane200 km along-track. The The MLS water vapor spatial distribution at 100 hPa
measurement uncertainties of water vapor in the TTL are(Fig. 2a) shows a minimum over the tropical western Pacific
about 4% to 15 % (Read et al. 2007). in December-January-February (DJF). In June-July-August
As the water vapor “tape recorder” (the imprint of trop- (JJA), the tropical western Pacific and Indian Ocean are rela-
ical temperature on water vapor entering the stratospherejvely dry while two moist regions are shown at mid-latitude
Mote et al., 1996) clearly marks the seasonal cycle in tropi-over Asia and Central America (Fig. 2b). The WRF CTRL
cal tropopause temperature coupled with vertical ascent, wgimulation in DJF (Fig. 2c) captures the location of 100 hPa
first examine the simulated water vapor “tape recorder” inwater vapor minimum in the western Pacific. However, the
the WRF model. As shown in Fig. 1a, the MLS observed model simulation is drier than the MLS data over the rela-
water vapor “tape recorder” shows dry anomalies in the firsttively dry regions while it is moister over the relatively moist
half of a year (from December to May, hereafter referred toregions. The relative distributions of dry and moist regions
as dry phase), and moist anomalies in the second half of én JJA are also captured in the model simulation (Fig. 2d).
year (from June to November, hereafter referred to as moisHowever, the dry regions over the tropical western Pacific
phase). Water vapor is transported from 121 hPa through thand Indian Ocean shift westward while the moist regions at
stratosphere while the water vapor signals imprinted at themid-latitude shift eastward, comparing to the MLS observa-
bottom of the stratosphere are maintained for several monthsions. Similar to in DJF, the simulated water vapor over rel-
The WRF CTRL simulation (Fig. 1b) captures seasonal vari-atively dry regions is drier than MLS, but moister over rel-
ations of water vapor in the TTL, albeit with a smaller mag- atively moist regions in JJA. Averaged over the inner trop-
nitude of the anomalies compared to the MLS data. How-ics, the MLS (WRF CTRL) water vapor at 100 hPa is 3.29
ever, the simulated water vapor “tape recorder” travels up{3.26) ppmv in DJF and 4.68 (3.88) ppmv in JJA.
ward faster than the MLS observations, especially in the
stratosphere. The simulated mean all-sky vertical velocity in
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Fig. 2. 4-yr averaged water vapor (ppmv) at 100 heg.MLS in Fig. 3. 4-yr averaged LWCF (W m¢) at the TOA.(a) CERES in

DJF; (b) MLS in JJA; (c) WRF CTRL in DJF;(d) WRF CTRLin  DJF:(b) CERES in JJA(c) WRF CTRL in DJF;(d) WRF CTRL
JIA. in JJA. White represents missing data in the CERES data.

The Clouds and Earth’s Radiant Energy System (CERES
Synoptic (SYN) product provides observed TOA (top of at-
mosphere) fluxes at°Bpatial and 3 hourly temporal reso-
lution. The difference of TOA fluxes between all-sky con-
dition and clear-sky condition is referred as the cloud ra-
diative forcing. As the clear-sky shortwave flux data con-
tain a lot of missing values, we use only TOA longwave
fluxes from the CERES Aqua SYN1deg-liEsl2.6 monthly
product bttp://ceres.larc.nasa.goand the derived longwave
cloud forcing (LWCF).

)and 83 hPa, UTCRE increases radiative heating rate by en-
hanced LW warming, but decreases radiative heating rate by
reduced SW absorption. Above 83 hPa, UTCRE corresponds
to increased LW cooling and little changes in SW fluxes.
Figure 5 shows the height-time cross section of the
UTCRE induced differences averaged over the inner tropics.
UTCRE warms and moistens the UT, but cools and dehy-
drates the TTL most of the time (Fig. 5a and b). Seasonal
variations of the UTCRE induced changes are seen in the
TTL water vapor, with more intense dehydration in the moist

Figure 3 compares the LWCF from the CERES data with hase (from June to November) and moderate dehydration
the WRF CTRL simulations in DJF and JJA. The WRF simu- P Wy
i TR ._in the dry phase (from December to May). The cooling and
lations reproduce the LWCF distribution and seasonal varia- L ) X
. . . —dehydration in the dry phase also tends to extend higher in
tions observed by CERES. In DJF, the magnitude of the sim-, . : )
. the vertical than in the moist phase. Due to the strong tem-

ulated LWCF (Fig. 3c) is generally smaller than the magni- d d fth . h
tude of the CERES observations (Fig. 3a). In JJA, the Sim_pera_tture ependence of the water vapor pressure over ice, the
ulated LWCF (Fig. 3d) is smaller over land but larger over tropical-averaged moisture changes (Fig. 5a) follow the tem-

ocean, comparing to the CERES data (Fig. 3b). Averaged irperature changes (Fig. 5b) in the sign, but their magnitudes

e s CERES (WRE Tt WCE 5057 132y e Fot el e maurur coog
(26.69) W T2 in DJF and 35.85 (32.42) W? in JJA. y phase, phase.

phase relation of tropical-averaged water vapor and tempera-

Overall, the WRF model reasonably reproduces the rela'ture are results of inhomogeneous response to the UTCRE as

tive distribution and seasonal variations of CRE and Waterdiscussed in section 5. On the 4-yr average at 215 hPa, there

vapor in the TTL, although the magnitude and location of is a warming of 0.76 K (maximum up to 1.28 K) and a moist-

smulqted CRE and water vapor show discrepancies from Obéning of 9% (maximum up to 23% relative to the CTRL
servations. . . . .
run). The warming and moistening gradually weaken with
height in the UT. A transition layer from warming and hy-
4 Radiative effects of upper tropospheric clouds dration to cooling and dehydration is shown around 147 hPa.
Maximum mean cooling and dehydration occur at 100 hPa
Figure 4a shows the 4-yr averaged longwave (LW), short-with an average cooling of 0.82 K (maximum cooling up to
wave (SW) and net (NET) radiative heating rates in the innerl.97 K in the dry phase) and a dehydration of 16 % (max-
tropics (10 S—-10 N). For both the WRF CTRL and UTNR imum dehydration up to 40% in the moist phase). Above
simulations, SW radiation warms in the UTLS while LW 100 hPa, the cooling and dehydration gradually weaken with
radiation warms the TTL but cools the upper troposphereheight.
(UT) from 215 hPa to 147 hPa and lower stratosphere above UTCRE increases the vertical ascent between 215hPa
68 hPa. In total, there is a radiative heating in the TTL andand 121 hPa, with maximum increase of vertical velocity at
lower stratosphere, but a radiative cooling in the UT. UTCRE 215 hPa and intense (moderate) enhancement in the moist
increases radiative heating rate in the UT by both SW anddry) phase (Fig. 5¢). On the 4-yr average, the increase of
LW radiation (Fig. 4b). In the lower TTL between 147 hPa vertical velocity (3.18 mms!) by UTCRE is about 49 % of
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(6.50 mms1). On the domain averages between 100 hPa and
83 hPa, UTCRE increases vertical velocities in DJF, but de- ¢ |
creases them in JJA (Fig. 5¢ and 6). The domain-averagec -
change of vertical velocity tends to extend higher in the dry
phase, corresponding to the higher cooling and dehydration
in the dry phase in the TTL. UTCRE results in slight subsi-
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Based on the thermodynamic energy balance, a perturbatior. & = o o
to diabatic heating in the TTL is expected to be balanced

by a.dlabatlc motion and temperatqre che_mge. The 4-yr mea 0° S—-10 N) mean daily differences between the WRF CTRL and
tropical-averaged changes in our simulations suggest that thg\ g simulations for(a) water vapor difference (%) relative to

increased radiative heating rate by UTCRE (Fig. 4b) inducesne wRF CTRL run(b) temperature difference (Kic) vertical ve-
both warming and ascent in the UT (Fig. 5b and 5c). Thejgcity difference (mms?); (d) IWC difference (mgm3). (right

warming decreases the tendency of ice formation in the UTpanel) Vertical profiles of 4-yr mean differences in left panel.

while the enhanced upwelling transports more moisture from

below. The net is a moisture increase in the UT (Fig. 5a).

Clouds also increase (Fig. 5d), probably related to enhancegrocesses. Above 83 hPa, the decreased radiative heating rate
vertical transport of ice particles and stronger convective up-by UTCRE (Fig. 4b) is balanced by slight decrease of verti-
draft. From 147 hPa to 121 hPa, relatively smaller radiativecal motion, which leads to cooling and continued dehydra-
heating than the UT (Fig. 4b) associated with larger statiction (Fig. 5).

stability causes weaker increase of ascent. The enhanced adi-Detailed examination of the differences between the
abatic cooling leads to temperature decrease in this layer o€ETRL and UTNR runs at 100hPa and 83 hPa indicates
long radiative relaxation time scale. Moisture decreases irthat there are significant departures from the aforementioned
response to decreased temperature. Cloud increases (Fig. Sslnple thermodynamic energy balance view. Considering
are contributed by both vertical transport and freeze-dryingthe seasonal variations, as shown by the time series of the

Fig. 5. (left panel) Height-time cross section of inner tropical

www.atmos-chem-phys.net/12/7727/2012/ Atmos. Chem. Phys., 12, 772785 2012



7732 L. Wu et al.: Competing effects of upper tropospheric cloud radiation on the TTL water vapor

2 ‘ ey oot — The seasonal maps of the UTCRE induced differences at
' v 100 hPa are displayed in Fig. 7. In both DJF and JJA, UTCRE
mainly enhances ascent (Fig. 7a and 7b) in cloudy regions
(see Fig. 3c and d). UTCRE induces subsidence to the west
of cloudy regions (Fig. 7a and b) due to wave response (Gill,
1980; Rodwell and Hoskins, 1996). In JJA, more intense
; , ~ downward motion is shown in the inner tropics than in DJF
el ‘ ‘ (Fig. 7b), which results in the domain-averaged reduction of
vertical ascent at 100 hPa in JJA (Fig. 6). Adiabatic cooling
- (warming) is associated with the UTCRE induced ascent (de-
scent), with maximum cooling (warming) shifted to the west
of the maximum ascent (descent) due to horizontal advec-
Fig. 6. The time series of monthly averaged differences betweention. Except over the Indian Ocean, dehydration by UTCRE
the WRF CTRL and UTNR simulations at 100 hPa. Temperaturecorresponds to cooling in most regions, with maximum de-
(K) difference in red; water vapor (ppmv) difference in blue; ver- hydration shown at the western Pacific aroungl!Q@Fig. 7c
tical velocity (mm s1) difference in green; ice water content and d). Over the Indian Ocean, UTCRE induces strong west-
(103mgm3) in cyan; vertical water vapor flux<ea<w7‘1“))/; erly anomalies (weakening of easterly) in DJF and strong

— Ty — 9,/ )

—w (mms)

i I I i L i I
1,
Decoa Junos Deco5 Junos Decos Junoz Deco7 Junos Nov0s

5
10-6 ppmv s-2) in purple: the difference between water \Z,apor dif- easterly anon_1a|ies in JJA. The strong wind apqmalies carry
ference and saturation water vapor differengb £ ¢/; ppmv) in  dehydrated air downstream away from the origin that dehy-
yellow. dration takes place, resulting in offsets of the locations of
the driest and coldest anomalies. Thus, less dehydration (hy-
dration around the descent in DJF) is shown over the In-
UTCRE induced monthly averaged differences at 100 hPalian Ocean in both DJF and JJA although cold anomalies
(Fig. 6), the UTCRE induced cooling increases cloud forma-over the Indian Ocean are stronger than over western Pacific
tion in the TTL and the change of IWC agrees well with the (Fig. 7a and b). Similarly, the increase of clouds is shifted
temperature change (with a correlation of -0.81). However,away from the strongest negative temperature anomalies due
the change of water vapor (from UTNR to CTRL) is not ex- to horizontal advection by anomalous winds (Fig. 7e and 7f).
actly in phase with that of temperature (with a correlation of Less cloud increase occurs over the Indian Ocean comparing
0.59). We calculate the saturation vapor pressure change &b western Pacific.
100 hPa based on the temperature change and compare thatHence, the argument is still valid at 100 hPa, where the en-
with the water vapor changq{(—q;; yellow line in Fig. 6).  hanced updrafts in cloudy regions induce adiabatic cooling
We find that their difference follows the change of vertical and dehydration in both DJF and JJA. However, strong de-
scentanomaly to the west of ascent are induced by UTCRE at

/
water vapor flux (_fxg_g)) ; purple line in Fig. &) with a2t 20T I e s 1o 4 t vertical vel
correlation of 0.58. This suggests that vertical transport of; a (Fig. 7b), which leads to decrease of vertical veloc-

water vapor induced by UTCRE increases water vapor a{ty in JJA in the domain-averages (Fig. 5¢ and 6). The dehy-

100 hPa, partly compensating the freezing-drying associategratlon by adiabatic cooling is counteracted by the enhanced

with the decrease of temperature. resulting in a phase-shif ertical transport of water vapor at 100 hPa, which results in
b ' 9 P that the magnitude of water vapor changes is not following

between temperature and water vapor changes. It is obviout?] . . .
. . . . e magnitude of temperature changes (Fig. 6). Due to sig-
that simple thermodynamic energy balance is not sufficient to

explain the temporal evolution of TTL water vanor change nificant changes of horizontal winds (mainly around Indian
P ) P g vap 9 " Ocean) induced by UTCRE, the maximum UTCRE induced
Changes in the dynamic fields, such as vertical ascent, alsg . 7. : . .
. cooling is not collocated with the maximum dehydration.
play an important role.
Furthermore, the difference of the domain-averaged verti-
cal velocity at 100 hPa between the CTRL and UTNR runs

changes sign from DJF to JJA (Fig. 6), despite of a persisten

increase of UTCRE from the UTNR to the CTRL all year hi d imol h ical ch | f
around. Considering the spatial inhomogeneities of UTCREI.n this study, we imp emgnt t e tropical ¢ annet configura-
) tion of the WRF model to investigate the radiative impacts of

'Ltj.:_sC%OES s;tr)lee atlhs%t H:ﬁi;’g:t';ﬁ I \:]eolﬁiljtzi fg?ringggr;niuncsigi:yupper tropospheric clouds (all clouds above 200 hPa) on the
y ' P 9771 water vapor. The 4-yr WRF simulations show reason-

subsidence associated with the radiatively induced vertical . .

. : : . ble agreements with observations on CRE and water vapor
ascent may yield different response in the tropical-average al . . : ;

. ; . -Ih the TTL, including approximate reproduction of the water
different seasons. These point to the need to examine spatial

o - vapor “tape recorder” in the TTL.
variations of the UTCRE as shown in Fig. 7. Sensitivity experiment demonstrates that UTCRE in-

creases temperature and vertical motion in the UT from

§ Conclusion
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Fig. 7. (a) The differences of vertical velocity (shade; mr*nl$ and temperature (contour with dashed lines for negative values and solid
lines for positive values; K) between the WRF CTRL and UTNR runs at 100 hPa in(BJEame aga) but in JJA;(c) The differences of
water vapor (shade; ppmv) and horizontal wind (vector;setween the WRF CTRL and UTNR runs at 100 hPa in QdFSame as

(c) but in JJA;(e) The horizontal wind (vector; m&) in the WRF CTRL run and the difference of cloud ice (shade; rﬁ@}rbetween the
WRF CTRL and UTNR runs at 100 hPa in DJB; Same age) but in JJA.

215hPato 147 hPa. On the 4-yr average at 215 hPa, UTCRRor is not in phase with the change of temperature due to
contributes to a warming of 0.76 K and enhanced updraft bythe competing effect of enhanced vertical transport of water
49 % in the WRF CTRL run. The significant warming and vapor by UTCRE. Moreover, the maps at 100 hPa show that
enhanced vertical transport lead to increase of both water vathe maximum dehydration is not collocated with the maxi-
por (increase by 9 % at 215 hPa) and clouds in the UT. In themum cooling. The UTCRE induced temperature change has
lower TTL from 147 hPa to 83 hPa, increase of upwelling by substantial horizontal and vertical variations over the trop-
UTCRE contributes to enhanced vertical transport of waterics. At 100 hPa, UTCRE generally induces ascent in cloudy
vapor. However, the enhanced vertical motion is associatedegions and descent to the west of ascent. The UTCRE in-
with increased adiabatic cooling, which dehydrates the lowerduced anomalous horizontal advection over Indian Ocean
TTL by forming more ice clouds. The dehydration by adia- transports water vapor anomalies away from the lowest tem-
batic cooling offsets the hydration by the enhanced verticalperature anomalies. Due to horizontal advection, the max-
transport and results in a net dehydration in the lower TTL.imum cooling is also located west of the maximum ascent
On the 4-yr average, the simulated UTCRE leads to a maxianomaly in the tropics.
mum cooling of 0.82 K and a maximum dehydration of 16 % This study confirms that the radiative impacts of upper
at 100 hPa. The cloud radiative cooling induces reduction oftropospheric clouds contribute substantially to tropical TST
the ascent rate, temperature decrease and dehydration aboi@orti et al., 2005, 2006) and have significant impact on
83 hPa. the dehydration in the TTL. UTCRE affects cirrus forma-
On the 4-yr averaged vertical profiles in the inner trop- tion in the TTL. However, unlike the simple one-dimensional
ics, the change of water vapor shows strong dependence ofor two column) perspective offered by Corti et al. (2005;
the temperature change. However, the change of water va2006), the radiative effects of clouds show large horizontal
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inhomogeneity and temporal non-stationarity. This is largelyEdited by: P. Haynes

due to the inhomogeneity of cloud distributions and compen-

sating vertical motion in response to in-cloud radiative heat-

ing. Given that large-scale wave forcing governs the verticalRéferences

T e e o el ouer, AW Edenc o  vord haton oo by

0.2% and—16 % on the tropical- measurements of helium and water vapour distribution in the
- ropical-mean water vapor amount o oiosphere, Q. J. R. Meteorol. Soc., 75, 351-363, 1949.

at 100 hPa. However, their effects can be much larger locallychen s.-H. and Sun, W.-Y.: A one-dimensional time dependent

Thus, an accurate representation of UTCRE is needed in or- cloud model, J. Meteor. Soc. Jpn., 80, 99-118, 2002.

der to have a realistic water vapor distribution in the UTLS. Chou M.-D. and Suarez, M. J.: An efficient thermal infrared ra-

Recent studies indicate aerosols may interact with UT clouds diation parameterization for use in general circulation models,

to affect TTL water vapor through radiative and microphysi- ~ NASA Tech. Memo. 104606, 3, 85 pp., 1994.

cal processes (Su et al., 2011; Wu et al., 2011), further pointCorti, T., Luo, B. P., de Reus, M., Brunner, D., Cairo, F., Mahoney,
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mass transport. Schiller, C., Shur, G., Sitnikov, N. M., Spelten, N.(_jsslng, H.
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. . . . . Lett., 35, L10810d0i:10.1029/2008GL033642008.
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