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What controls precipitation §'°O in the southern
Tibetan Plateau at seasonal and intra-seasonal scales?
A case study at Lhasa and Nyalam
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“State Key Laboratory of Cryospheric Sciences, Cold and Arid Regions Environment and
Engineering Research Institute, Chinese Academy Sciences, Beijing, China

(Manuscript received 4 April 2013; in final form 6 September 2013)

ABSTRACT
Understanding the spatial and temporal controls of precipitation 8'%0 in the southern Tibetan Plateau of
central Asia is necessary for paleoclimate reconstructions from the wealth of regional archives (ice cores, lake
sediments, tree ring cellulose, and speleothems). While classical interpretations of such records were conducted
in terms of local precipitation, simulations conducted with atmospheric general circulation models enabled
with water stable isotopes have suggested that past changes in south Asia precipitation §'*0 may be driven by
remote processes linked to moisture transport. Studies conducted at the event scale can provide constraints to
assess the drivers of precipitation 8'%0 and the validity of simulated mechanisms. Here, we take advantage of
new event precipitation 8'30 monitored from January 2005 to December 2007 at two southern Tibetan Plateau
stations (Lhasa and Nyalam). The drivers of daily to seasonal variations are investigated using statistical
relationships with local and regional temperature, precipitation amount and convective activity based on in
situ data and satellite products. The strongest control on precipitation 8'%0 at Lhasa during the monsoon
season at event and seasonal scales is provided by the integrated regional convective activity upstream air mass
trajectories, cumulated over several days. In contrast, the integrated convection appears to be the main driver
of precipitation 8'%0 at Nyalam only in July and August, and the situation is more complex in other months.
Local climate variables can only account for a small fraction of the observed 3'80 variance, with significant
differences between both stations. This study offers a better constraint on climate archives interpretation in the
southern Tibetan Plateau. The daily data presented here also provides a benchmark to evaluate the capacity of
isotopically enabled atmospheric general circulation models (IGCMs) to simulate the response of precipitation
8'%0 to convection. This is illustrated using a nudged and zoomed simulation with the LMDZiso model. While
it successfully simulates some seasonal and daily characteristics of precipitation 5'0 in the southern Tibetan
Plateau, it fails to simulate the correlation between 8'80 and upstream precipitation. This calls for caution
when using atmospheric models to interpret precipitation 3'0 archives in terms of past monsoon variability.

Keywords: stable isotopes, precipitation, regional convection, southern Tibetan Plateau

1. Introduction provides direct, high resolution archives of past precipita-
tion complemented by indirect archives in speleothems,
lake sediments or tree ring cellulose (e.g. Danis et al., 2006;
DeCelles et al., 2007; Cai et al., 2010; Henderson et al.,
2010; GrieBinger et al., 2011). However, the full use of this
information remains limited due to uncertainties associated
with the climatic interpretation of precipitation §'%0 data

Records of precipitation 8'%0 in natural archives provide
key paleoclimate information in mid and low latitudes. The
Tibetan Plateau (TP) encompasses the largest number of
glaciers outside the polar regions (Yao et al., 2012), which

*Corresponding authors. in these regions. This is illustrated with the interpretation
email: gaojing@itpcas.ac.cn; tdyao@itpcas.ac.cn of South Asian speleothem 8'30 and lake sediment 5'%0.
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Temperature-driven distillation effects dominate the
variability of temperate to polar precipitation §'%0, and
were shown to also be the main control on northern TP
precipitation 3'%0 (Yao et al., 1996; Thompson et al., 1997;
Tian et al., 2001; Wang et al., 2003; Aizen et al., 2006). The
climatic drivers of southern TP 3'®0 appear more con-
troversial. Some studies suggested that southern TP ice core
3'%0 reflects long-term changes in regional temperature
(Thompson et al., 2000; Aizen et al., 2006; Yao et al.,
2006), while others interpreted the ice core data in terms
of amount effect (the anti-correlation between 8'%0 and
local precipitation amount) and Indian monsoon intensity
(Vuille et al., 2005; Zhang et al., 2005; Kaspari et al., 2007;
Joswiak et al., 2010). It was also suggested that the impacts
of temperature or precipitation amount on southern TP
3'80 may not be stable through time (Tian et al., 2003;
Johnson and Ingram, 2004). Based on modern spatial and
seasonal relationships with local precipitation amounts,
data were interpreted to reflect past changes in local
monsoon intensity (e.g. Wang et al., 2005; Cai et al.,
2010; An et al., 2011; An et al., 2012). Precipitation 380 is
however an integrated tracer of climate and water cycle
conditions, depending on phase changes affecting water
vapour from evaporation to condensation. In South Asia,
observations and simulations conducted with atmospheric
general circulation models (AGCMs) have identified other
drivers of precipitation 880 such as the variability of
moisture sources, transport processes and large scale atmos-
pheric circulation (Hoffmann and Heimann, 1997; Araguas-
Araguas et al., 1998; Aggarwal et al., 2004; Ishizaki et al.,
2012). Past climate simulations conducted with AGCMs
equipped with water stable isotopes have shown mechan-
isms where changes in the large scale atmospheric circula-
tion at the orbital scale (Legrande and Schmidt, 2009) or
during abrupt glacial events (Lewis et al., 2010; Pausata
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et al., 2011) do control the isotopic distillation upstream
of the studied sites. However, large uncertainties remain
on the ability of these models to resolve correctly the
processes controlling precipitation §'%0, in particular
convective processes (Bony et al., 2008; Lee et al., 2009;
Vimeux et al., 2011).

Recent studies in South American or West African
monsoon regions and northeast China have revealed the
importance of local and upstream convective processes,
rainout effects, droplet re-evaporation, continental recy-
cling, and atmospheric moisture residence time governing
water vapour and precipitation 8'%0 (Bony et al., 2008; Risi
et al., 2008a and 2008b; Risi et al., 2010a; Vimeux et al.,
2005; Vimeux et al., 2011; Aggarwal et al., 2012; Tremoy
etal.,2012; Konget al., 2013). Such mechanisms can only be
deciphered at the precipitation event scale, requiring high
resolution monitoring data. Here, we aim to make use of
modern observations, at the event to seasonal scale, in order
to assess the processes controlling the present-day varia-
bility of precipitation §'0, to better constrain climate
archives interpretation and to test the realism of AGCMs.
Complementing studies conducted in other monsoon re-
gions, we focus here on the southern Tibetan Plateau, thanks
to new data obtained at the event-basis. Precipitation falling
in this region originates from moisture having undergone
strong convection during its transport above the Indian
subcontinent (Chakravarty et al., 2013; Tyrlis et al., 2013).

Here, we present and investigate 3-yr long records of
precipitation 8'%0 from two stations (Lhasa and Nyalam)
in the southern TP (Fig. 1) obtained from January 2005 to
December 2007, a period representative of average climatic
conditions in this area. The sampling was conducted at the
event-scale, allowing a focus on sub-seasonal to seasonal
variations. The comparison of the two stations (at a dis-
tance of 530 km) located at similar elevations (3658 and

40E OE 60E 70E 80E 90E 100E 110E 120E

OLR-wind —_— 2
10 mis Wim

2005-2007 averaged Outgoing Long Wave radiation (OLR, shading, downloaded from http://www.esrl.noaa.gov/psd/data/

gridded/data.interp_OLR.html) showing convective activity as minima in OLR due to cold cloud tops and 500 hpa zonal wind speed
(dashed contours) and wind vectors (arrows, downloaded from http://www.esrl.noaa.gov/psd/data). The zonal wind isolines highlight the
Tibetan high-pressure system. The surface wind vectors clearly depict the Indian monsoon flow and the westerlies (a) in summer (JJAS) and

(b) in winter (DJF).
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3810 m a.s.l., respectively) is important to assess the spatial
variability associated with the drivers of precipitation 8'%0.
Because the difference of altitude between the two stations
is small (~150 m), any altitude effect will be negligible.
Lhasa is located in the valley along the Brahmaputra River
(Table 1) and receives more than 80% of total annual
precipitation in the monsoon season (June—September).
Nyalam, located southwards of Lhasa, has colder mean
conditions and its precipitation is regularly distributed year
round (37% in spring, March—May, and 37% in summer,
June—September). The southern TP climate is characterised
by remarkable shifts in atmospheric circulation from
winter, marked by the westerlies, to summer, dominated
by the Indian monsoon and intense convective activity in
the Bay of Bengal (BOB) and Indian subcontinent (Fig. 1).

This paper focuses on the local and regional controls of
precipitation §'%0 in the southern TP at seasonal and intra-
seasonal scales. For this purpose, we examine, based on
statistical analyses: (1) the local and regional temperature/
precipitation amount controls on precipitation 8'%0; (2) the
influence of local and regional convective activity on pre-
cipitation 3'®0; (3) the influence of upstream convective
activity and air mass origins on precipitation 8'%0; (4) the
ability of isotopically enabled AGCMs to resolve the
controls of southern TP precipitation 5180, with an illustra-
tion of a model-data comparison using one such model,
LMDZiso.

2. Data

2.1. Station data

For the period 2005-2007, 294 events were collected at
Lhasa, and 317 events at Nyalam with a gap at Nyalam
from August to September 2005 because of missing col-
lection (Table 1). All of the 8'%0 measurements were con-
ducted with respect to VSMOW at the Key Laboratory of
CAS for Tibetan Environment and Land Surface Pro-
cesses, China, using a MAT-253 mass spectrometer with an
analytical precision of 0.059.

Precipitation was sampled right after the end of each
event, and relevant meteorological conditions such as
temperature at the beginning and the end of each pre-
cipitation event and precipitation amount were recorded.
The daily (monthly, annual) precipitation 3'0 is the
weighted mean of events 3'*0 in the same day (month,
year) as 0'°0 = Z"0iPi/Z"Pi, where 3'80 indicates the
amount weighted 8'®0 averages; i and Pi refer to the
330 and corresponding precipitation amount of individual
precipitation event; and n defines the total events occurring
in one day/month/year.

2.2. Atmospheric information

To complement local meteorological data, satellite pro-
ducts were used to characterise regional precipitation and
convective activity. Daily and monthly precipitation data
from the GPCP (Global Precipitation Climatology Project)
are available for our period of interest at spatial resolutions
of 1°x1° (daily scale) and 2.5° x2.5° (monthly scale)
(http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html).
Daily and monthly OLR data were also used at 2.5° x2.5°
resolution (http://www.esrl.noaa.gov/psd/data/gridded/data.
interp_OLR.html). The Outgoing Longwave Radiation
(hereafter OLR) is a tracer of deep tropical convection.
Low OLR values correspond to cold and high clouds
identifying enhanced convection, and a negative relation-
ship is generally shown between OLR and convection
(Wang and Xu, 1997).

In addition, the moisture transport paths are identified
using the HYSPLIT back trajectory model combined with
NCEP reanalysis data (ftp://arlftp.arlhq.noaa.gov/pub/
archives/reanalysis/) at 6-h time steps back to 5 d at 1000
AGL (above ground level). The clustered results are
compared at Lhasa and Nyalam at the monthly scale.

2.3. Isotope-enabled general circulation modelling

The state-of-the-art LM DZiso model is used here to explore
the drivers of the isotopic variations in the southern TP
in a physically consistent framework. The LMDZ is the

Table 1. Summary of precipitation data at Lhasa and Nyalam stations from 2005 to 2007

Station Latitude Longitude Elevation Period n TCC) P(mm)  Annual 330 (%)
2005 Jan 10-2005 Oct 29 130 11.55 475 —16.36

Lhasa 29° 42" N 91° 08 E 3658 m 2006 Mar 13-2006 Nov 4 95 12.25 322.5 —13.23
2007 Feb 5-2007 Nov 6 69 12.58 470.6 —15.59
2005 Jan 8-2005 Dec 24 72 3.02 468.1 —10.04

Nyalam 28° 11" N 85° 58 E 3810 m 2006 Jan 31-2006 Dec 13 134 5.96 669.5 —15.06
2007 Feb 4-2007 Sep 28 111 6.89 499 —15.22

“n” =number of samples.

Note that no samples were obtained in August and September 2005 at Nyalam.


http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html
http://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html
http://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html
ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis/
ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis/
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atmospheric component of the IPSL model. Water in
its vapour and condensed forms is advected by the Van
Leer advection scheme (1977). Risi et al. (2010b) describe
in detail the implementation of water stable isotopes
in LMDZiso. It is run here with 19 vertical levels and a
stretched grid characterised by 50 km resolution over
southern, Eastern and Central Asia (Gao et al., 2011).
Such high resolution has been shown to be necessary for
a correct simulation of isotopic seasonal cycles over the
TP (Gao et al., 2011).

3. Results

In this section, we use statistical analyses to assess the
relationships between intra-seasonal to seasonal variations
of precipitation 8'80 with local and regional temperature,
precipitation amount and convective activity. The relation-
ships between air mass trajectories and upstream precipita-
tion and convective activity are then investigated.

3.1. Relationships between local climate and
precipitation 6’0

The seasonal cycle of precipitation 8'30 is marked by summer
depletion at Nyalam and Lhasa (Fig. 2). Annual mean §'%0
are 1.69, more depleted at Lhasa than at Nyalam. Daily
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8'%0 variability is larger at Lhasa than at Nyalam (full
range of 40.69, at Lhasa and 35.49,, at Nyalam). However,
summer 8'%0 levels are about 2%, lower at Nyalam than at
Lhasa ( —18.26%, vs. —16.62%,), due to the higher 5'0 in
June at Lhasa. Altogether, 71 summer precipitation events
(JJAS) occur simultaneously at both sites. As shown in
Fig. 2a and 2b, a few remarkable events are also documented,
e.g. on 16 August 2005, 17 August 2007, 24 September 2007
(high precipitation amounts combined with minima in
3'%0), 2 July 2006, and 20 July 2007 (high precipitation
amounts combined with higher than —10%, §'%0).

The relationships between temperature and precipitation
3'%0 appear complex. At the seasonal scale, the data depict
an inverse relationship between 8'%0 and temperature, due
to summer depletion (Fig. 2c and 2d). Significant positive
correlations are observed between JJAS daily 3'%0 and
temperature, with correlation coefficients of 0.27 (Lhasa)
and 0.32 (Nyalam) (p <0.01). At the monthly scale, no
relationship is observed between Lhasa 3'30 and tempera-
ture. However, at Nyalam, considering all the JJAS monthly
data for the 3 yr of observation, a positive correlation exists
(n=10, R =0.67, p <0.05).

This brief analysis highlights the complex relationships
between southern TP 3'%0 and temperature. Particularly
remarkable is the fact that: (1) a temperature effect is
observed in the southern TP at event scale, even in summer;
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Temporal variations of daily precipitation 5'0 and local temperature, precipitation amount and OLR at Lhasa (a) and Nyalam

(b) from 2005 to 2007. Seasonal patterns of monthly weighted precipitation 8'0, corresponding monthly mean temperature, precipitation
amount and local OLR at Lhasa (c) and Nyalam (d) during 2005-2007. The black triangles highlight extreme events (identified from peak
precipitation combined with depleted 5'0) at both stations on 16 August 2005, 17 August 2007, 24 September 2007, 2 July 2006 and

20 July 2007.
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and (2) the 3'®O-temperature relationship depends on the
time scales and location, i.e. a temperature effect is detected
at intra-seasonal and seasonal scales at Nyalam, but not at
Lhasa at the seasonal scale.

Processes other than temperature therefore must also
account for spatial and temporal 8'80 variations. While
winter precipitation is related to long distance moisture
transport by the westerlies, summer precipitation is related
to the Indian monsoon transporting moisture from the
BOB or Arabian Sea (AS). Summer precipitation (JJAS)
accounts for ~85% of annual amounts at Lhasa, and
~33% at Nyalam during 2005-2007.

It has long been identified that precipitation §'%0 is anti-
correlated with precipitation amounts (“‘amount effect”) in
the southern TP at daily and seasonal scales (Dansgaard,
1964; Tian et al., 2001; Gao et al., 2011). At Lhasa, the
daily 3'%0 gradually decreases from May to September
(Fig. 2a), showing a negative correlation with precipitation
amounts (R = —0.39, p <0.01). A similar but insignificant
anti-correlation is observed in other seasons. At Nyalam,
precipitation received from 2005 to 2007 is 30% larger
than at Lhasa (1637 mm compared to 1268 mm). While
here the amount effect is weaker and non-significant in
summer, extreme precipitation events coincide with §'%0
minima (Fig. 2b). No amount effect is detected in other
months (October—May) at the event scale at Nyalam.
While the “amount effect” persists at Lhasa when consid-
ering monthly data (R= —0.27, p>0.05), it is not de-
tected at Nyalam, implying different controlling mechanisms.

This statistical analysis of the relationships between
precipitation 3'0 and meteorological conditions at Lhasa
and Nyalam shows that local climate variables can only
account for a small fraction of the observed §'0O variance
(typically less than 10%), and points to significant differ-
ences of the relationships between precipitation §'%0 and
meteorological conditions at stations within 500 km inside
the southern TP.

We now explore the relationships between precipitation
8'%0 and local convective activity, using OLR data at the
corresponding 2.5° x 2.5° grid point (‘“local” OLR, Fig. 2).
At Lhasa, seasonal variations of 3'%0 appear to co-vary
with OLR, with highest values in May and lowest values in
August. At the daily scale, a positive correlation between
daily 8'*0 and local OLR (R =0.48, p <0.01) is identified
in JJAS, but no significant correlation can be detected in
other months. We conclude that a stronger relationship is
identified with convective activity than with local surface
climate parameters in JJAS, at Lhasa. At Nyalam, a
weaker positive correlation is found between daily §'80
and OLR in JJAS (R =0.17, p <0.05), without significant
correlation in April-May and October—March. The results
from Nyalam and Lhasa depict different relationships

between 8'%0 and OLR (local convective activity) during
the pre-monsoon and monsoon seasons.

Stronger relationships between 3'®0 and OLR emerge
when individual events are aggregated into monthly aver-
ages (Fig. 2c and 2d). At Lhasa, correlation coefficients
reach 0.72 (n=12, p<0.01) when considering monthly
values during JJAS. The influence of OLR on precipitation
5'80 at Lhasa is stronger than at Nyalam, consistent with
our earlier findings regarding local precipitation amount
effect. Non-local processes may therefore control Nyalam
3'%0 variations.

The strongest correlations with OLR than with local
precipitation amounts may be due to the fact that OLR
averaged in a 2.5° x 2.5° grid box represents convection at
a larger spatial scale (Risi et al., 2008b). This leads us to
exploring the effect of convection at the regional scale.

3.2. Relationships between regional climate and
precipitation 6'%0

Here, the daily and monthly GPCP precipitation amounts
are used to explore the influence of regional precipitation
amount on precipitation 8'30 based on temporal correla-
tion analyses. As shown in Fig. 3a, daily 8'0 at Lhasa is
correlated with precipitation amount in the sectors 25°—
30°N/75°-83°E and 26°-32°N/86°-92°E, with correlation
coefficients of —0.16 ~ —0.27 in JJAS (p <0.05), while
no significant correlation can be identified for Nyalam
(Fig. 3c). The strongest negative correlation is detected
with monthly precipitation amount in the sector 20°—32°N/
80°-91°E (hereafter Zone 1, Fig. 3e, black rectangle). A
remarkable positive correlation between precipitation §'30
and OLR also emerges when considering daily regional
OLR data (Fig. 3g and 3h). In particular, the correlation
is significant in Zone 1. A stronger correlation with OLR
than with precipitation was already noticed in the African
monsoon region and attributed to the large scale character
of OLR (Risi et al., 2008b). This suggests that Lhasa
precipitation 8'30 is strongly related to variations in large-
scale convective activity. In contrast, none of these factors
can explain the variability of Nyalam precipitation §'0
in JJAS (Fig. 3f and 3h). In winter, no relationship can be
identified at daily or monthly scales for Lhasa or Nyalam
(Fig. 3b and 3d). This is probably due to the lack of con-
vection over North India during this season. In contrast,
a slightly positive correlation is found between daily §'30
at Nyalam and precipitation amount in a small south
region (Fig. 3d).

So far, we have only looked at synchronous variations
in convective activity and precipitation 3'0. Convec-
tive processes may have integrated impacts on water
vapour over several J,, days preceding precipitation events.
This integrative effect has been evidenced in other monsoon
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Temporal correlations between daily precipitation 3'*0 at Lhasa (a) or at Nyalam (c) and precipitation amount in other grid

points of the domain, in JJAS. (b) and (d): same as (a) and (c) but for DJF. (e) and (f): same as (a) and (c) but for monthly data. Temporal
correlations between daily precipitation 8'%0 at Lhasa (g) or at Nyalam (h) and OLR in other grid points of the domain, in JJAS.
On all maps, only correlations significant at the 95% confidence level are shown. The black rectangle shows the Zone 1 region discussed in

the text.

regions (Risi et al., 2008b; Vimeux et al., 2011; Tremoy
et al., 2012). At Lhasa, a significant correlation is found
between 8'%0 and OLR in June and July provided the latter
is averaged over the 3 d (J,,) preceding the rainy events
(Fig. 4a and 4e, R =0.76, p <0.05), whereas the instanta-
neous correlation is 0.53 (p <0.05). In August—September
(Fig. 4a and 4i), the strongest correlation coefficient
reaches 0.54 (p <0.05) obtained when integrating OLR
over 8 d. During the whole monsoon season (JJAS), the
positive correlation is remarkably strong in the southern
TP and northeast India when integrating OLR over 8 d
(R=~0.7, p<0.01, Fig. 4j), while there is no correlation
found in winter (DJF) due to few events (Fig. 4k). Our
analysis reveals a larger integration time before the mon-
soon season (April-May) and at the end of the monsoon
season (September), and a minimum integration time in
June—July (Fig. 4a). We suggest that this arises from the
seasonal variation of the intensity and frequency of con-
vective systems of the monsoon flow. In April and May,
before the monsoon onset, the convective activity is weak
and the water vapour isotopic composition integrates the
signatures of convective systems during a long interval.
After the monsoon onset (June and July), the convective
activity is more intense, frequent, and characterised by

a large northward moisture flux. In this case, a shorter
time interval is needed to erase the signature of preceding
convective systems. At the end of the monsoon season,
convective systems can stagnate near Lhasa, resulting in a
longer moisture residence time.

At Nyalam, similar results are obtained although
with longer integration times varying from 10 d in April
to ~20 d in July—August, decreasing to 7 d in September
(Fig. 4b). In July—August, a much stronger correlation
between precipitation 8'30 and OLR is obtained with OLR
integrated over 20 d (R =0.72, Fig. 4i) than with instanta-
neous OLR (R =0.24, p <0.05). In JJAS, there is also a
positive correlation between precipitation §'%0 and OLR
(R <0.5) in the regions surrounding Nyalam (Fig. 4m). In
DIJF, a conspicuous positive correlation appears in the
northern BOB (Fig. 4n), which may indicate that moisture
advected from BOB controls the winter precipitation at
Nyalam. We attribute this longer integration period to the
blocking effect of the High Himalayas on moisture trans-
port to Nyalam area.

We also note the strong positive correlation between
precipitation 3'®0 at Lhasa (JJAS) (Fig. 4e, 4i and 4j) and
Nyalam (JA and JJAS) (Fig. 41 and 4m) and OLR activity
in Zone 1. This is the strongest common feature depicted



A CASE STUDY AT LHASA AND NYALAM 7

0.8 0.8

w 06 06

by — Apr | 2 — Apr
L 04 o 04

[:4 May ¢ 6 May
2 0.2 Jun O 02 Jun
£ i | 8 Jul

g © Agl 3 O = Aug
8 42 Ser | 8 .02 10 Sep

-04+ alhasa -0.4+ b Nyalam 11
0 5 10 15 20 0 5 10 15 20

© /days

50N

Junsdul
-

40N

30N

20N

10N

110E 70E  80E 90E 100E 110E

Niro

0 m
70E 80 90E 100E 110E

alam(34) “N\t\=5,
80E 100E  110E

Fig. 4.  Correlation coefficient (R) between the precipitation 8'%0 and local OLR averaged over J,, days (period prior to the event over
which the convective activity is averaged) at Lhasa (a) and Nyalam (b). The numbers indicate the maximum values of J,, days for each period.
(¢) Correlation between the 8'%0 of events at Lhasa and the OLR averaged over the 13 d preceding each event in April, (d) 7 d preceding each
event in May, (e) 3 d preceding each event in June—July, (i) 8 d preceding each event in August—September, and (j) 8 d preceding each event in
JJAS. (k) No correlation can be calculated in DJF at Lhasa as only two events occurred. (f) Correlation between the 8'%0 of events at Nyalam
and the OLR averaged over the 10 d preceding each event in April, (g) 16 d preceding each event in May, (h) 11 d preceding each event in June,
(1) 19 d preceding each event in July—August, (m) 20 d preceding each event in JJAS and (n) 5 d preceding each event in DJF. The numbers in
brackets indicate the number of events in different months. The black rectangle shows the Zone 1 region discussed in the text.



for both Lhasa and Nyalam. This reveals that precipitation
3'%0 in the southern TP is affected by upstream regional
convection activity. The similar J,, days in September at
Lhasa and Nyalam (8 and 7 d, respectively) may reflect that
the integrated monsoon convective activity is the main
control of precipitation 5'®0 in September. At Lhasa, a
positive correlation between daily §'%0 and OLR in the
region of 5-20°N/80—110°E observed in April (Fig. 4c) may
reflect the fact that it is affected by processes taking place
during monsoon onset (Wu et al., 2012).

3.3. Air mass trajectories

We now use the HYSPLIT model to calculate air mass
trajectories for Lhasa and Nyalam. Back trajectories are
computed with the NCEP reanalysis data using a 6-h time

J. GAO ET AL.

step back to 5 d at 1000 AGL. The results are then
clustered at the monthly scale from 2005 to 2007 for each
station. We acknowledge some uncertainty associated
with the quality of the NCEP reanalysis data on the TP.
Quantifying the moisture origins rigorously would require
either a mass balance model driven by reanalyses or model
outputs (e.g. Eltahir and Bras, 1994) or a water tagging
approach (e.g. Koster et al., 1986), approaches having their
own caveats (Gimeno et al., 2012). Here, for simplicity, we
assume that back trajectories give an indication about the
moisture origin. We chose to classify the monthly-clustered
back trajectories at Lhasa and Nyalam into three categories
(Fig. 5). The first category consists of moisture originating
from the Mediterranean Sea, the Red Sea and the Atlantic
Ocean. Moisture along these trajectories is transported
eastward by the westerlies across Europe and central Asia
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September). The percentage shows the frequency of each clustered back trajectory. Correlation coefficient (R) between the precipitation
380 and OLR along the back trajectory averaged over J,, days (period prior to the event over which the convective activity is averaged) at
Lhasa (k) and Nyalam (I). The numbers indicate the maximum values of J,,, days for each period.
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to the southern TP. The second category consists of con-
tinental trajectories, transporting moisture from various
directions on short pathways. The third category consists
of trajectories following the monsoon flow from the BOB
and the AS. Moisture originating from the BOB moves
along the Brahmaputra to the southern and interior TP
(Tian et al., 2001; Gao et al., 2011); the other pathway from
AS crosses the Indian peninsula and is then uplifted on the
southern Himalayas. These pathways bring intense pre-
cipitation, resulting in heavily depleted '®O in subsequent
precipitation.

The different patterns of 3'%0 at Nyalam and Lhasa may
reflect different contributions of these three sources of
moisture through time. In January, southern TP mostly
receives moisture transported by the westerlies together
with 50% of local sources (Fig. 5a and 5f). At Nyalam, this
local moisture is transported along half shorter pathways
than at Lhasa. This feature may account for enriched 830
in winter events at Nyalam. In JJA, moisture transport is
dominated at Lhasa and Nyalam by advection from the
BOB, which accounts for 30%—74% of trajectories (Fig.
Sb, Sc, 5d, Sg, Sh and 5i). The second pathway to both
stations is provided by the AS and above India, consistent
with previous results (Feng and Zhou, 2012). A larger
percentage of this second trajectory and transport paths
above India is depicted for Nyalam compared to Lhasa in
July (Fig. 5c and 5h). In September, moisture transport
from the BOB still influences Nyalam, while it is weak at
Lhasa (Fig. 5e and 5j).

Several events with more than 20 mm precipitation occur
in non-monsoon seasons (e.g. events on 22 October 2005
and 24 September 2007) at Nyalam and Lhasa. The
precipitation 8'%0 values of those events are about 20%,
lower than that of events that occur in monsoon season.
We find that, for these events, moisture is advected from
the BOB (not shown). At Nyalam, these events are char-
acterised by a significant negative correlation between
precipitation amount and precipitation §'%0 (R = —0.51,
p <0.05), with no link with local OLR. The large depletion
of these 8'%0 events in the non-monsoon season may be
explained by the local amount effect or by mixing with
other moisture sources provided by the westerlies (Feng
and Zhou, 2012). The moisture from BOB therefore also
affects precipitation 8'%0 in non-monsoon season. This
suggests that, on longer time scales, slight changes in the
advection of moisture from BOB may have very large
impacts on precipitation weighted annual mean §'%0.

To detect the influence of convection along the back
trajectories on precipitation 8'%0 at Lhasa and Nyalam, we
calculated the correlation coefficient between precipitation
5'%0 and daily OLR along each trajectory over J,, days
preceding the event (Fig. Sk and 51). Because the correlation
is valid only if air masses overflow the calculated sites, the

results during June and July at Lhasa and during July and
August at Nyalam are discussed. At Lhasa, the precipita-
tion 8'*0 shows positive correlation with averaged OLR in
June and July for days shorter than one day, while similar
conditions are found at Nyalam in July and August. The
shorter J,,, days indicate the fast process of the moisture
transport, and highlight the signature of integrated regional
convective activity during the monsoon mature stage.

In this section, we show two dominant moisture transport
paths during the monsoon season, one from the BOB and
another one from the AS, which undergoes intense convec-
tion above northern India. This is very likely the reason why
the convective activity westwards of our stations (“Zone 1)
plays a crucial role on southern TP §'%0.

3.4. Model-data comparison: illustration using the
LMDZiso simulations

Atmospheric models equipped with water stable isotopes
provide a comprehensive framework to investigate the
relationships between precipitation isotopic composition
and meteorological processes. Here, we use the LM DZiso
model which has good global performance (Risi et al.,
2010b) and performs reasonably well in the northern TP
(Gao et al., 2011). The zoomed simulations overlap the
2005-2007 observation periods.

Some seasonal features of Lhasa precipitation 3'0 are
present in our simulation. Although the model under-
estimates spring temperature and overestimates annual
precipitation amount at Lhasa (Fig. 6a and 6b), it produces
realistic variations of precipitation §'80 (Fig. 6c). The
model however seriously underestimates the frequency of
the events with precipitation amounts above 10 mm and
simulates too many events with low precipitation amount
at Lhasa (Fig. 6g). At Nyalam, the model is not able to
resolve several aspects of precipitation 8'*0 variability
(Fig. 6f). This may be related to artefacts in the seasonality
of precipitation, as LMDZiso underestimates temperature
but overestimates summer rainfall (Fig. 6d and 6e). The
subseasonal distribution of precipitation events is therefore
not in agreement with observations. At Nyalam, the model
remarkably overestimates the frequency of the events with
precipitation amounts above 10 mm (Fig. 6h). This may
partly explain the unrealistic simulation of '0 at Nyalam.
The model performance is representative of other models of
this type (Gao et al., 2011). For Lhasa, LMDZiso under-
estimates the negative correlation between daily 8'80 and
precipitation amount, compared with observations. The
model-data comparison gives opposite results for Nyalam
(not shown).

The influences of temperature or precipitation amount
are explored in LMDZiso simulations using temporal



10 J. GAO ET AL.

15 T T T T T T T T T T T 25
10 a Lhasa —— Zoomed LMDZiso —— Observation 2
5 415
O 0 110
P~
-5 4 45
-10 40
-15 5

2005Jan 1 2005Apr 1 2005Jul 1 20050ct 1 2006Jan 1 2006Apr 1 2006Jul 1 2006 Oct 1 2007Jan 1 2007 Apr 1 2007Jul 1 2007Oct 1 2008Jan 1

0 T S S —— . - ; S U — S 50
o bLhasaﬂ "V'( L fl‘“i'w r"wrt 2] T Hq]"‘i”’W"(VI L 1o

———Zoomed LMDZiso

Observation

20 - 430

S ) T W

2005Jan 1 2005 Apr 1 2005Jul 1 20050ct 1 2006 Jan 1 2006 Apr 1 2006 Jul 1 2006 Oct 1 2007 Jan 1 2007 Apr 1 2007Jul 1 2007Oct 1 2008 Jan 1

P/mm

20 T T T T T T T T T T 20
10 ] ¢ Lhasa . Zoomed Ll\fDleo . * Observation 140
o d . * . -
g ° ER X LA . C % *, :
S 01, PR o £% 3,58 ¢ 110
2] TR 8 o ' 20
© -20 4«
v el ‘:. .
-30 4 . . 4-30
-40 T T T T T T T T T T T -40
2005Jan 1 2005Apr 1 2005Jul 1 20050ct 1 2006Jan 1 2006Apr 1 2006Jul 1 2006 Oct 1 2007Jan 1 2007Apr 1 2007Jul 1 2007Oct 1 2008Jan 1
20 T T T — T T T : T T 20
d Nyalam zzzzzzzzz. SAMPING gap Zgomed LMDZiso —— Observation
10 - ’, u‘,l“lﬂ' TR '\‘l., , 410
l I v 1
Q0 Lk 0
= i 1
I
-10 4 -10
-20 T T T T T T T T T T T -20
2005Jan 1 2005Apr 1 2005Jul 1 20050ct 1 2006 Jan 1 2006 Apr 1 2006Jul 1 2006 Oct 1 2007Jan 1 2007 Apr1 2007Jul 1 2007Oct 1 2008 Jan 1
0 . — ],r a4 aaaae -,',.‘., . - 100
201 e Nyalam P I iwm " F 1%
E 40 - 60
= 60 4 Zoomed LMDZiso 440

= Observation
420

H .
122 ‘ . ”',:h.. ll _ kb all

T 0
2005Jan 1 2005Apr 1 2005Jul 1 20050ct 1 2006Jan 1 2006Apr 1 2006Jul 1 20060ct 1 2007Jan 1 2007Apr 1 2007Jul 1 2007Oct 1 2008Jan 1

10 T T T T T T T T T T 10
f Nyalam . Zoom.ed LMDZiso e Observation
| . |
e » " 2930 ° K o, -’ ¢
£ 10 ot e & e o5e 535 WAE A 2 140
§ ; 2s ° 3 % sam € ..’ “
= -20 4 . RDLEPTHE oo . - R iy L4 ‘ < 120
. . <
-30 A s > e ° §.° {-30

-40 ; T T T , . , , T T : -40
2005Jan 1 2005Apr 1 2005Jul 1 20050ct 1 2006Jan 1 2006Apr 1 2006Jul 1 2006 Oct 1 2007Jan 1 2007Apr 1 2007Jul 1 20070ct 1 2008Jan 1

109 g Lhasa I Observation 109 h Nyalam I Observation
€222 Simulation 772 Simulation
084 [ 0.8 -
g g
2 0.6 S 0.6 4
o o
o o
I I
0 0.4 Q 044
& & 4
& 2 7
0.2 0.2 ?
?
0.0 4 h,.lz:.lz,._l_,l_._,l_,— é
10 20 30 0 10 20 30
Precipitation amount / mm Precipitation amount / mm

Fig. 6.  Comparison of daily temperature from the zoomed LMDZiso simulations and observations at Lhasa (a) and Nyalam (d) during
the observed period of 2005-2007; (b) and (e) same as (a) and (d) for precipitation amount; (c) and (f) same as (a) and (d) for precipitation
3'%0. Relationships between precipitation amount and precipitation frequency at Lhasa (g) and Nyalam (h) from observations and
zoomed LMDZiso simulations. The precipitation categories are calculated with steps of 2.5 mm, with events above 20 mm classified in
one category.



A CASE STUDY AT LHASA AND NYALAM

correlations between daily 8'®0 and temperature or pre-
cipitation amount. In summer, a clear positive correlation
between daily 8'30 and local temperature is simulated for
both Lhasa and Nyalam (R =0.53 and 0.40, respectively,
Fig. 7a and 7c¢), stronger than observed, while no correla-
tion with local temperature is depicted in winter for both
stations (Fig. 7b and 7d). In JJAS, LMDZiso simulates the
weak negative correlation (R is ~ —0.2) between Lhasa
precipitation 8'0 and precipitation amount in Zone 1 and
south of Lhasa (Fig. 7e), stronger than derived from daily
observation. For Nyalam in JJAS, LMDZiso simulates a
strong negative correlation between &'%0 and precipitation
in Zone 1 and north of the BOB (15°N-25°N/85°E—-95°E,
hereafter Zone 2, Fig. 7g). In DJF, LMDZiso simulates no
significant correlation between precipitation 8'30 at Lhasa
and precipitation amount (Fig. 7f), in agreement with the
observation. However, stronger negative correlations are
simulated with precipitation amount in north of Nyalam
(Fig. 7h), opposite to observations. The stronger correla-
tions between JJAS precipitation 3'%0 and upstream pre-
cipitation simulated by LM DZiso compared to the data are
consistent with previous studies in the West African and
South American regions (Risi et al., 2010a; Vimeux et al.,
2011). In these previous studies, it had been suspected that
in LMDZiso, convection affects precipitation 5'%0 over a
downstream region that is not large enough. The patch of
negative correlation simulated south of Lhasa and Nyalam
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could be due to the fact that LMDZiso strongly over-
estimates convection in the BOB: LMDZiso overestimates
precipitation by 30% in Zone 2. Therefore, it is expected
that the effect of convection on precipitation 5'0 in this
region is overestimated. The mismatch at Nyalam in DJF is
also consistent with the overestimated precipitation in this
region. To summarise, the reasonable agreement between
the seasonal variations of precipitation §'%0 simulated by
LMDZiso and observation in the southern TP therefore
hides significant discrepancies in the way 8'*O responds to
regional convective activity at the process scale. This calls
for caution when using isotopic GCMs to investigate the
links between archived 8'0 and past precipitation varia-
bility (Legrande and Schmidt, 2009; Pausata et al., 2011).
Before undertaking such an investigation at paleo-time
scales, it would be reasonable to check that the model
is able to correctly simulate the links between 8'%0 and
convection at the intra-seasonal and seasonal scale. Our
data provides a benchmark to evaluate this link. If this link
is not properly represented, it casts some doubt on the
model’s capacity to properly represent this link at paleo-
time scales.

4. Conclusions and perspectives

Taking advantage of several years of event precipitation
sampling at two southern TP stations, we have investigated
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Fig. 7. Temporal correlation between temperature and precipitation 5'%0 at Lhasa (a) and Nyalam (c) from zoomed LMDZiso

simulations in summer (JJAS); (b) and (d) same as (a) and (c) for winter (DJF); (e) and (g) same as (a) and (c) for precipitation amount;
(f) and (h) same as (e) and (g) for winter (DJF). The black rectangle shows the Zone 1, and the green rectangle shows the Zone 2.
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the meteorological drivers of precipitation 8'%0 at seasonal
and intra-seasonal scales. Our results depict temperature
effects at the event scale, even in summer. While a local
amount effect is only evident for Lhasa at the event scale,
local precipitation only accounts for a small fraction of
3'%0 variability. At event and seasonal scales, convective
activity is a main factor influencing precipitation §'%0 at
Lhasa during the monsoon season, while it is the main
driver at Nyalam only in July and August. Convective
activity integrated over several days can explain less than
50% of the precipitation isotopic variance at both stations.
Changes in the length of integration time are depicted to
occur before, during and after the monsoon season, with
large differences between Lhasa and Nyalam. The differ-
ences between the two stations may arise from different
air mass trajectories, and the blocking effect of the high
Himalayas. We conclude that precipitation §'%0 does not
only reflect local climatic conditions, but also integrates
regional upstream convective activity and precipitation.
The correlation between cumulative convective activity
and precipitation 3'%0 is observed to be at a maximum
when integrating over different periods, up to 20 d. Our
results are consistent with recent findings from African
and South American monsoon regions which also evi-
denced the importance of regional convective activity and
upstream rainout (Vimeux et al., 2005; Vuille and Werner,
2005; Risi et al., 2008b). Considering studies on the rela-
tionship between Sea Surface Temperature (SST) and OLR
(Srivastava et al., 2002; Krishnamurthy and Kirtman,
2009), we speculate that a relationship between SST and
precipitation 5'80 may exist in the southern TP at the inter-
annual time scale. Longer-term 3'®0 observations are
needed to investigate such relationships.

We have also evaluated the relationships between daily
isotopic variability and regional climate in simulations
conducted with one AGCM, LMDZiso, run in a nudged
and zoomed configuration. While the model is able to pro-
duce seasonal characteristics of precipitation 8'0 at Lhasa,
it overestimates the correlation with local meteorological
variables and fails to capture the correlation between §'%0
and upstream convection (especially in Zone 1 and Zone 2).
We show that the ability of a model to capture the seasonal
patterns of precipitation 8'%0 does not warrant that it
correctly resolves the processes at play at the daily scale.
This is particularly important when such models are used to
assess the climatic controls of Asian 8'%0 over longer time
scales (LeGrande and Schmidt, 2009; Pausata et al., 2011).
Further investigations are needed to assess the reason for
the model-data mismatch. This may be due to dynamical
processes (e.g. blocking of air masses by the Himalayas)
and/or to physical processes (e.g. convection).

This model-data mismatch calls for a better documenta-
tion of the spatial and temporal variability of precipita-

tion isotopic composition (5'%0 but also second order
parameters such as deuterium excess or '’O-excess) in the
southern TP and along air mass trajectories. Further inves-
tigations are needed to document the regional differences,
especially with the focus of providing information relevant
for the interpretation of high elevation ice core data.

Our results call for a very cautious interpretation of past
variations of precipitation 8'%0 such as archived indirectly
in tree rings, speleothems, lake sediments or directly in
glacier ice. The importance of upstream, integrated convec-
tion provides an explanation for the spatial heterogeneity
between different records of the same archives (tree rings,
Shi et al., 2011; ice cores, Zhao et al., 2011) within southern
TP where the complex topographic situation likely favours
site-specific moisture transport paths. Differences between
different archives may further arise from different archiving
processes and sampling of sub-seasonal precipitation for
instance due to infiltration or tree growth seasonality. Our
study is also consistent with the small correlation between
southern TP ice core 8'%0 and accumulation variations.
While we demonstrate the lack of simple relationships
between precipitation 8'*0 and local climate parameters,
we also show that archives of precipitation §'0 have the
potential to offer integrated information on regional con-
vective activity related with moisture transport paths.
Investigations of the mechanisms controlling precipitation
3'%0 at the inter-annual to decadal scale are required prior
to precise interpretations. Our findings suggest that a matrix
of spatial and temporal past precipitation 5'*0 variations
from coastal areas to southern TP could allow tracking past
changes in moisture fluxes.
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