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Abstract. Four cases (March 2009, May 2009, April 2010

and February 2012) are presented in which the ERA-interim

relative humidity (RH) shows consistent increase by more

than 50 % in the upper troposphere (200–250 hPa) over trop-

ics at the eastward side of the potential vorticity (PV) intru-

sion region. The increase in RH is confirmed with the space-

borne microwave limb sounder observations and radiosonde

observations over Gadanki (13.5◦ N, 79.2◦ E) and is observed

irrespective of whether the PV intrusions are accompanied by

deep convection or not. It is demonstrated that the increase

in RH is due to poleward advection induced by the PV intru-

sions in their eastward side at the upper tropospheric heights.

It is suggested that the low-latitude convection, which is not

necessarily triggered by the PV intrusion, might have trans-

ported water vapour to the upper tropospheric heights.

Keywords. Meteorology and atmospheric dynamics (con-

vective processes; tropical meteorology)

1 Introduction

Upper tropospheric water vapour is an important greenhouse

gas and can influence surface radiative forcing (Jones and

Mitchell, 1991; Udelhofen and Hartmann, 1995). Its vari-

ations have important climate implications (Hansen et al.,

1984; Lindzen, 1990) and even minute variations can lead

to greenhouse effect comparable to the large variations in

the lower troposphere (Shine and Sinha, 1991). Radiative

transfer model estimations show that a 10 % increase in up-

per tropospheric humidity could contribute nearly 1.4 W m−2

of direct radiative forcing (Udelhofen and Hartman, 1995).

Its radiative effects are significant in determining the en-

ergy budget of the Earth’s climate system and the overall

climate sensitivity to the build-up of anthropogenic green-

house gases. However, this is one of the least well-measured

parameters and significant uncertainties in the measurements

remain a barrier to making reliable prediction about future

climate change. In the past, satellite measurements, namely,

the Stratospheric Aerosol and Gas Experiment, the Tele-

vision Infrared Observation Satellite (TIROS), operational

vertical sounder, 6.7 µm brightness temperature from a sin-

gle Geostationary Operational Environmental Satellite, Mi-

crowave Limb Sounder, and Atmospheric Infrared Sounder

(AIRS) have contributed significantly to the retrieval of wa-

ter vapour in the upper troposphere from the radiances and

also to the understanding of its variabilities (Rind et al., 1993;

Soden and Bretherton, 1993; Soden and Fu, 1995; Liao and

Rind, 1997; Gettelman et al., 2006). These humidity obser-

vations from satellites are important data sources for humid-

ity assimilation in global data assimilation systems (Chen et

al., 1999). Rind et al. (1991) and Inamdar and Ramanathan

(1994) observed enhanced upper tropospheric relative hu-

midity (UTRH) associated with deep convection. Relation

between UTRH and convection has been reported in various

studies (Arakawa and Schubert, 1974; Newell and Gould-

Stewart, 1981; Danielsen, 1982; Panwar et al., 2012 etc. to

state a few). Deep convection over tropics can be triggered

by potential vorticity (PV) intrusions (Waugh and Polvani,

2000).

Rossby wave breaking at mid-latitudes leads to transport

of stratospheric air with high PV in to tropical upper tro-

posphere (De Bellevue et al., 2006). These PV intrusions

can be identified from relatively high PV value (> 2 PVU)

at 350 K isentropic level (∼ 200 hPa over tropics) (Waugh

and Polvani, 2000). They are more frequent over the East-

ern Pacific and Atlantic sector during the northern winter
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whenever upper tropospheric westerlies are strong (Waugh

and Polvani, 2000). They can trigger convection as a re-

sult of decreased stability and enhanced vertical motion

and induce poleward advection (Kiladis, 1998; Funatsu and

Waugh, 2008) ahead of the trough (eastward side). Though

the number of PV intrusion events is less over the Indian

sector, a recent study shows that it plays a major role in de-

termining the spatial and temporal extents of pre-monsoon

rainfall (Sandhya and Sridharan, 2014). During intrusion the

transport of the stratospheric air which enters deep into the

troposphere can modify the outgoing radiance (Kentarchos

et al., 1998). The PV intrusions can influence the distribution

of minor constituents. Folkins and Appenzeller (1996) and

Baray et al. (1998) observed sudden changes in ozone mix-

ing ratio at tropical latitudes in connection with the PV intru-

sion. Ryoo et al. (2008) studied the variability of subtropical

UTRH during the northern winter and reported that both con-

vection and poleward advection during PV intrusions could

contribute towards increase in UTRH. However, we present

four cases here, in which even tropical UTRH variations are

shown to be dependent on the northward advection associ-

ated with the PV intrusions irrespective of whether the intru-

sions are accompanied by deep convection or not. The paper

is organised as follows. In Sect. 2, the different data sets used

are described and the results are presented in Sect. 3. A de-

tailed discussion and conclusion are provided in Sect. 4.

2 Data sets

2.1 ERA-interim data sets

European Centre for Medium Range Weather Forecast-

ing (ECMWF) reanalysis (ERA) interim data sets are re-

sults from analysis conducted at 6-h intervals available for

latitude–longitude grids 3◦× 3◦–0.125◦× 0.125◦ and are

prepared by ECMWF using their variational data assimi-

lation system (Berrisford et al., 2009). However we have

used all data sets with gird size 1.5◦× 1.5◦ for the present

study. These data sets are currently available in the website

http://apps.ecmwf.int/datasets/data/interim-full-daily/ for 15

isentropic levels and 37 pressure levels. In the present

study, potential vorticity and RH at different pressure lev-

els are used. The 350 K isentropic level has traditionally

been used to identify the occurrence of PV intrusions into

the tropical troposphere (Waugh and Polvani, 2000). The

PV intrusion events are normally identified by fixing a

threshold value in the range of 1–3 potential vorticity unit

(PVU) (1 PVU= 10−6 km2 kg−1 s−1) at 350 K isentropic

level (∼ 12 km height). Though there is no universally ac-

cepted threshold value, some authors suggested 1.4 PVU

(Manney et al., 1995), 1.5 PVU (Mohankumar et al., 2008)

and 2.0 PVU (Waugh and Polvani, 2000) and in the present

study, we keep 1.5 PVU at 350 K as a threshold to identify

the intrusion.

2.2 MLS-UTRH data

The Aura Microwave Limb Sounder (MLS) onboard Earth

Observing System (EOS) satellite was launched on 15 July

2004. It is sun-synchronous with an altitude of 705 km and

with a 98◦ inclination. ML2RHI is the EOS-MLS standard

product for relative humidity with respect to ice derived from

radiances measured by the 118 and 190 GHz radiometers.

The current version is 3.3. The spatial coverage is near-

global (−82 to +82◦ latitude), with each profile spaced 1.5◦

or ∼ 165 km along the orbit track (roughly 15 orbits per

day). The recommended useful vertical range is from 316 to

0.0215 hPa and the vertical resolution is between 3 and 6 km.

The MLS can observe through the cirrus clouds and this is

the advantage of MLS over other instruments. It is more sen-

sitive at 12 km over low latitudes (Hu and Liu, 1998).

2.3 Gadanki radiosonde observations

Global positioning system (GPS) radiosonde balloons have

been launched daily at Gadanki since April 2006 at 12:00 UT

(17:30 LT). The atmospheric parameters, namely, tempera-

ture, pressure, RH, and horizontal winds are obtained with a

height resolution of 5 m from surface to about 30 km. In the

present paper, the parameters averaged for 100 m are used for

the analysis. The temperature, horizontal winds, and relative

humidity are measured with an accuracy of 0.5 K, 0.5 m s−1,

and 5 % respectively (Nath et al., 2013).

2.4 Outgoing Longwave Radiation (OLR)

For the present study OLR data are taken from National

Oceanic and Atmospheric Administration-National Centres

for Environmental Prediction (NOAA-NCEP). The data are

interpolated in time and space from NOAA twice daily OLR

values and averaged to once daily. The data obtained from

polar orbiting environmental satellite NOAA-16 (equatorial

crossing time – 13:50) from March 2001 onwards and which

is replaced by NOAA-18 (equatorial crossing time – 13:55)

in September 2005. The data sets are available in 2.5◦× 2.5◦

latitude–longitude grid since 1 June 1974 to 31 January 2013.

The low OLR represents high cloud top heights and is an in-

dicator for deep convection (Liebmann and Hartmann, 1982).

For the present study OLR < 220 hPa is taken as threshold for

identifying convection (Wild and Roeckner, 2006).

3 Results

The longitude-time cross sections of PV at 350 K isentropic

level over 13.5◦ N and OLR averaged over 12.5–15◦ N from

6–16 March, 5–15 May for the year 2009 and from 28 April–

6 May and 4–14 February for the years 2010 and 2012 re-

spectively are shown in Fig. 1. The occurrence of PV intru-

sion events can be inferred on 9 March and 8 May in the year

2009 and on 29 April and 7 February in the years 2010 and
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Figure 1. Longitude-time cross sections of PV at 350 K isentropic level at 13.5◦ N and OLR averaged over 12.5–15◦ N for the years 2009,

2010 and 2012.

Figure 2. Longitude-height cross sections PV (a–e) and RH (f–k) at 13.5◦ N during 7–11 March 2009.

2012 respectively. The first PV event in 2009 could persist

for nearly 7 days (9–15 March) spreading eastward from 60

to 80◦ E, as the day progresses. The OLR shows low value

(< 180 W m−2) during the event at the east of the intrusion

region from 80 to 87.5◦ E indicating that the deep convection

is accompanied by the intrusion. The second event persists

only for 2 days (8–9 May) over 54 to 66◦ E. However this

intrusion event does not trigger convection as inferred from

the high OLR (> 260 W m−2). In the case of 2010 event, the

PV intrusion starts on 29 April and continues till 2 May over

63–72◦ E and it triggers convection, which can be inferred

from low OLR (< 200 W m−2) over 72.5–85◦ E. In the 2012

case, the intrusion lasts only for 2 days (7–9 February) over

55–66◦ E. Though OLR is less (∼ 240–250 W m−2) over 65–

80◦ E during and after the intrusion day in case of 2012, when

compared to other days, it is not low enough to consider it as

deep convection.

Longitude-height cross sections of PV (a–e) and RH (f–

j) during 7–11 March 2009 are shown in Fig. 2. As per the

threshold for identifying the PV intrusion, the event begins

on 9 March 2009 (inferred from Fig. 2c). However though

PV value does not reach the threshold to identify as intrusion

event, relatively high PV (1.1 PVU) exists above 200 hPa

even on 7 March around 55◦ E. The high PV layer starts to

descend from 150 hPa and reaches 350–400 hPa on 9 and 10

March respectively. A simultaneous eastward shift to 60◦ E

on 9 March and to 70◦ E on 11 March can be inferred from

the Fig. 1a–d. A high RH (> 80 %) can be observed at 100 hPa

over 80–90◦ E on 7 March. The high RH layer (> 90 %)

over 75–90◦ E descends further down to 250 hPa on 8 March

www.ann-geophys.net/33/1081/2015/ Ann. Geophys., 33, 1081–1089, 2015
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Figure 3. Longitude-height cross sections of PV (a–c) and RH (d–f) at 13.5◦ N for the days 7 May 2009, 30 April 2010 and 7 February 2012.

Figure 4. Time-height variation of MLS RH averaged over 10–17◦ N and 60–90◦ E for 2009, 2010 and 2012 cases.

2009, to 600 hPa on 9 March 2009 and even descends further

down to surface level on 10–11 March 2009.

Longitude-height cross sections of PV (a–c) and RH (d–

f) for the days 7 May 2009, 30 April 2010 and 7 February

2012 are shown in Fig. 3. The PV intrusion event can be in-

ferred from the descent of high PV greater than 1.5 PVU,

reaches at 300 hPa, over 50–65◦ E on 7 May 2009 and over

65–70◦ E on 30 April 2010. However on 7 February 2012

the PV tongue reaches only 200 hPa over 50–65◦ E. Associ-

ated with these three PV intrusion events, high RH (> 80 %)

can be observed to descend to 400 hPa over 65–80◦ E on 7

May 2009 and to 450 hPa over 70–85◦ E on 30 April 2010.

However on 7 February 2012, the high RH descends to only

250 hPa over 60–87.5◦ E consistent with less descent of PV

tongue on that day. Though high RH (< 70 %) is present at

lower level from surface to 600 hPa over 75–80◦ E on both

days 7 May 2009 and 30 April 2010, the RH value is 80–

100 % from 200–400 hPa, which does not seem to be due

to low-level convection. The PV anomaly can also be origi-

nated by the diabatic processes, such as condensation in and

near the frontal cloud bands through convection. These PV

anomalies are generated by the momentum conserving ad-

vection in a baroclinic environment in the mid troposphere

(Holt and Thorpe, 1991). In such cases, PV anomalies are

present exactly where the convection prevails. However in

the present study, high-humidity regions are shifted to 10–

20◦ N from the upper level PV anomaly and PV anomaly is

observed at upper troposphere around 200 hPa. In addition to

the ERA data sets, we used MLS RH with respect to ice data

to check the UTRH variations for the above-mentioned cases,

as it is a standard MLS product. Figure 4 shows time-height

variation of MLS RH averaged over 10–17◦ N and 60–90◦ E

for the 2009, 2010 and 2012 cases. The day of intrusion is

marked with an asterisk symbol in the x axis labels. The

value of RH with respect to ice within 200–250 hPa shows

high values on the intrusion days 9–11 March 2009 (> 50 %),

7 May 2009 (> 50 %), 29 April–1 May 2010 (> 60 %) and 7–9

February 2012 (> 60 %). Bock et al. (2013) noted good agree-
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Figure 5. Time-height variation of RH obtained from the ra-

diosonde measurements at Gadanki station (13.5◦ N, 79.2◦ E) for

the 2009 and 2010 cases.

ment in radiosonde humidity measurement with humidity ob-

tained using Raman lidar and GPS technique up to 12 km.

Figure 5 shows time-height variation of RH obtained from

the radiosonde measurements at Gadanki (13.5◦ N, 79.2◦ E)

for the two cases in 2009 and one case in 2010. However,

radiosonde data are not available for the 2012 case. In all the

other three cases, RH higher than 50 % is observed during

the PV intrusion days at 11–12 km height region.

Kiladis (1998) suggested poleward advection as a potential

mechanism for high RH ahead of PV intrusions. Figure 6a–d

shows longitude–latitude cross sections of PV and wind vec-

tor at 350 K isentropic level for 9 March 2009, 7 May 2009,

30 April 2010 and 7 February 2012. In all the cases, wind is

from low to higher latitudes at the east of the intrusion and

these northward winds might have transported the humid air

from low to high latitudes.

To confirm the low-latitude origin of high humidity at up-

per troposphere, the latitude-height cross section of RH av-

eraged over the longitudes, where humidity is high for each

case is investigated for all the four cases presented. Figure 7

shows latitude-height cross section of RH for 7–12 March

2009. On 7–9 March, the presence of high RH at 0–10◦ N

can be inferred from the figure. On 8 March 2009 a tongue

of high RH (> 80 %) extends to 16.5◦ N at 200–250 hPa,

whereas the lower height levels remain dry (RH < 20 %). On

the day of PV intrusion (9 March 2009), the high RH tongue

(> 80 %) at 200–250 hPa reaches up to 27◦ N and simulta-

neously descends to 450 hPa at 10–13.5◦ N. On 10 March

2009, it descends further down to 800 hPa. On 11–12 March,

the extension of high RH tongue at 200–250 hPa reduces to

lower latitudes and the descending structure of RH is also

not present. Similarly the latitude-height cross sections of

RH for other intrusion events on 7 May 2009, 30 April 2010

and 7 February 2012 are shown in Fig. 8a–c. All three cases

show high RH (> 80 %) from surface to 100 hPa near equator.

However the extension of PV tongue at 100–200 hPa, from

equator to 13.5, 25, 30◦ N on the respective days can be in-

ferred from the figure. It is suggested that the poleward wind

at the eastern side of intrusion trough might be the reason for

the extension of RH tongue at 200 hPa.

To confirm humidity transport from equatorial region to

higher latitudes at 200 hPa (∼ 350 K) one of the back trajec-

tory models, namely, Hybrid Single Particle Lagrangian In-

tegrated Trajectory Model (HYSPLIT) is used (see Draxler

and Rolph, 2013 for details). 15◦ N, 75◦ E, 12 km are given

as the final geographical position for the days 9 March 2009

and 30 April 2010 and 15◦ N, 80◦ E, 12 km for the days 7

May 2009 and 7 February 2012. The 48 h back trajectory is

calculated with new trajectory created for every 3 h and the

result is shown in Fig. 9a–d. It can be inferred from the fig-

ure that the air parcel comes from around 5◦ N and from the

average height of 10 km on 9 March 2009, 12.5 km on 7 May

2009, 12 km on 30 April 2010 and 13 km on 7 February 2012.

The Meteosat IR imagery obtained from the website www.

sat.dundee.ac.uk for these four cases of intrusion shows high

moisture to the east of intrusion, with convective plume-like

structure on 9 March 2009 (Fig. 10a) and 30 April 2010

(Fig. 10c) when PV intrusion triggers convection and pole-

ward motion ahead of intrusion. However for the other two

cases (Fig. 10b, d) though PV intrusion does not trigger

convection, moisture transport from low to high latitudes is

clearly visible.

4 Discussion and conclusions

Four cases are presented (two cases during the year 2009

and one each during the years 2010 and 2012) in this study

to demonstrate the relationship between PV intrusion and

UTRH variations over tropics. In the presented cases, only

two PV intrusion events are accompanied by deep convection

at the east. However, in all these cases, the ERA-interim RH

data show consistent enhancements by more than 50 % in the

upper troposphere (200–250 hPa) over tropics at the eastward

side of the intrusion region. The humidity variations in the

upper troposphere depend on the strength and vertical pene-

tration of PV to low-latitude tropical troposphere. In particu-

lar, in the 2009 case, the vertical descent of RH reaches up to

1000 hPa on 10 March 2009 where descent of relatively high

PV patches of air can also be inferred up to 600 hPa. How-

ever for the second event in the same year (2009) the high

RH layer descends only up to 400 hPa, where the descent of

PV is limited to 300 hPa. The increase in RH is confirmed

with Gadanki radiosonde observations and spaceborne MLS

observations.

Earlier, Sassi et al. (2001) noted that the upper tropo-

spheric moisture was forced by deep convection. Though the

major source of tropical UTRH is convection (Houze and

Betts, 1981; Held and Soden, 2000; Uma et al., 2014), the

moisture advection and diffusion control its large-scale dis-

tribution (Betts and Albrecht, 1987; Sun and Lindzen, 1993).

www.ann-geophys.net/33/1081/2015/ Ann. Geophys., 33, 1081–1089, 2015
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Figure 6. Longitude–latitude cross sections of PV and wind vector at 350 K isentropic level for (a) 9 March 2009, (b) 7 May 2009, (c) 30

April 2010 and (d) 7 February 2012.

Figure 7. Latitude-height cross section of RH from 7 March to 12 March 2009.

Both convection and poleward advection are normally asso-

ciated with the PV intrusion to the eastern side of intrusion

(Kiladis, 1998; Funatsu and Waugh, 2008). In the present

study, the region of high RH shifts to east from the loca-

tion of PV intrusion by 10–20◦ longitude in all the cases.

However, the increase in RH occurs here irrespective of con-

vection triggered by the PV intrusion. It is demonstrated that

the increase in RH is due to poleward advection induced by

the PV intrusions in their eastward side at upper tropospheric

heights, though the convection, which is not necessarily trig-

gered by the PV intrusion might have transported water

vapour to upper tropospheric heights. Using AIRS and MLS

observations, Waugh (2005) noted dry air within the intru-

sions and moist air east of the intrusions, as observed in the

present study. However, in their observations, the deep con-

vection was triggered by the PV intrusions. Ten year (2004–

2013) statistics of the PV intrusions (22 cases) over the In-

dian sector suggests that all the PV intrusions over the Indian

sector (50–90◦ E) are not associated with deep convection

or precipitation. The total number of PV intrusions for the

years 2004–2013 at 200 hPa (∼ 350 K, isentopic level) and

13.5◦ N over 50–90◦ E and the number of intrusions among

them which lead to and do not lead to precipitation are shown

in Fig. 11. From the figure, we can infer that there is no PV

intrusion in the years 2008 and 2013 and all the PV intru-

sions in the years 2006 and 2009 do not lead to precipitation.

In the years 2004, 2007 and 2011, 50 % of the intrusions do

not lead to precipitation and in other years, more than 50 %

of the cases do not lead to the precipitation. In the year 2005,

the number of intrusions leading to precipitation is more.

Among the total of 22 PV intrusion events, 7 events are as-

sociated with the development of convection in the eastward

Ann. Geophys., 33, 1081–1089, 2015 www.ann-geophys.net/33/1081/2015/
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Figure 8. Latitude-height cross section of RH for the days 7 May 2009, 30 April 2010 and 7 February 2012.

Figure 9. (a–b) 48 h back trajectory ending at 12:00 UT on 9 March and 7 May 2009 using National Oceanic Atmospheric Administration

(NOAA) HYSPLIT model. (c–d) Same as (a)–(b) but on 30 March 2010 and 7 February 2012.

www.ann-geophys.net/33/1081/2015/ Ann. Geophys., 33, 1081–1089, 2015
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Figure 10. METEOSAT IR image on 9 March 2009, 7 May 2009,

30 April 2010 and 7 February 2012 at 12:00 UTC.

Figure 11. Histogram of total number of PV intrusions at 13.5◦ N

for the years 2004–2013. Histograms of the number of intrusions

leading to convection and of the number of intrusions not leading to

convection are also shown for comparison.

side of the intrusions and 15 events do not lead to convection

in the region eastward side as well as below the intrusion re-

gion. However, UTRH enhancements are present in all these

cases. It is the northward flow associated with the PV in-

trusion that transports water vapour from equatorial latitudes

where convection is nearly always present. The simulations

by Dessler and Sherwood (2000) suggested the importance

of realistic three-dimensional large-scale wind fields to ac-

curately predict the variations of UTRH. Ryoo et al. (2008)

reported poleward advection associated with the PV intrusion

as a potential mechanism for the UTRH enhancement. Con-

sistent with this, in the present study, the wind vector at 350 K

isentropic level shows the flow from low to high latitudes to

the east of the PV intrusion. The latitude-height cross section

of RH also shows the spread of high RH from low to high

latitudes at 200–250 hPa first and later it descends to lower

heights. The 48 h backward trajectory analysis confirms the

transport of moist air from low latitude to high latitude at the

upper troposphere for all the four presented cases.

Based on the observational evidence, the present study

demonstrates the relationship between PV intrusions over

the Indian sector and upper tropospheric humidity variations

over tropical latitudes due mainly to poleward motion ahead

of the intrusive trough.
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