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Precipitation changes in Dulan
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Fig. 4. Diagram showing composition of juniper wood samples used to build up a 1315-year chronology

(515 BC-800 AD) for Dulan.

A variety of statistical techniques can be used for calibrating variations in tree-ring
widths or indices with different climatic variables and for reconstructing changes in the
past climate®. As the result of calibration climatic data are converted to tree-growth es-
timates, which are compared to the actual growth measurements. The equations giving
the best correlation between estimates and measurements are then used to infer climate
variations from the ring-width variations®. A typical approach to the reconstruction is
identification of those climatic variables, which have a well pronounced effect on the tree
growth on a particular site or in a particular region®'. Among the diverse climatic parame-
ters, variations in temperatures and precipitation of the preceding and current growing
season (mean monthly values and summation or average for different time intervals) are
often analysed™.

0 Fritts 1976.
* Schulman/Bryson 1965.
*2 Fritts 1976.

* Cook/Kairiukstis 1990.
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Temperature (°C) Precipitation (mm) Precipitation (mm)

Current year Current year Precedent year

Period r Period r Period r
January -0.04 January 0.17 January -0.03
February -0.10 February 0.02 February -0.03
March -0.02 March 0.16 March -0.09
April -0.22 April 0.08 April 0.35
May -0.09 May 0.41 May 0.16
June -0.44 June 0.46 June 0.07
July -0.01 July 0.04 July 0.19
August -0.30 August 0.12 August 0.18
September 0.09 September -0.03 September 0.29
October 0.23 October -0.22 October -0.09
November 0.32 November 0.6 November -0.16
December 0:17 December -0.2 December 0.28
Year (I-XII) -0.17 Year (I-XII) 0.45 Year (I-XII) 0.33
Precipitation (mm), water year (VII-VI) 0.67

Fig. 5. Correlation (r) between ring-width indices and mean values of the temperature and precipitation

Precipitation, (July-June), mm

registered at the meteorological station in Dulan (36° 17.46" N, 98° 4.44" E, ca 3200 m).
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Fig. 6. Actual precipitation of the ‘water year’ (July of the previous year to June of the current year) and ring-
width indices (Kang et al. 1997) from Dulan. MP = 186 mm is mean value of the ‘water year’ precipitation

averaged for the observation period.
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The latest part of the Dulan chronology™ has been compared with the mean monthly
temperature and precipitation values recorded at the meteorological station Dulan. The
responses of the ring width of the particular year to the climate variables of the preceding
and current year have been analysed. The results of this analysis demonstrate a weak
negative and positive correlation between ring-width indices and mean monthly, seasonal
and annual temperatures (Fig. 5). Slightly better positive correlation (r = 0.46) has been
found between ring-width indices and June precipitation of the current growing year.
However, the best correlation of all (r = 0.67) exists between ring-width indices and pre-
cipitation of the period lasting from July of the previous year to June of the current year
(namely ‘water year’) (Fig. 6).

In Dulan a relationship between the precipitation of the water year (P) and ring-
width indices (RI) can be described with a simple equation:

P=123.7RI1 +57.13, (1)

Applying this equation to the modern ring-width data (Fig. 6) provides values of
reconstructed precipitation explaining about 45% of the variations. The mean square error
of the equation is 33.8 mm, and the mean relative error is 0.74.

Reconstruction results

The transfer function obtained through modern data has been applied to the fossil tree-
ring data to establish the precipitation reconstruction. Results presented in Fig. 7 demon-
strate that reconstructed precipitation sums vary from ca 100 to ca 300 mm during the
interval between 416 BC and 758 AD. Greater variations reconstructed outside this inter-
val (e.g. 515-417 BC and 759-800 AD) are based on a limited data set of less than 3
samples (Fig. 7) and might be less reliable. These results are excluded from the following
discussion. The reconstructed values are similar to the modern precipitation values recor-
ded by the Dulan meteorological station (Fig. 6). This would suggest that the hydrologi-
cal regime of the study area between 416 BC-758 AD was not substantially different
from that of today. However, such an interpretation would be too crude to allow an un-
derstanding of climate changes in the Dulan area. During the period for which instrumen-
tal records are available (Fig. 6) about half of the reconstructed values of precipitation
lies above the mean annual precipitation sum (MP = 186 mm). By contrast, ca 60% of the
precipitation values reconstructed from the fossil tree-ring data (Fig. 7) are below MP,
suggesting that relatively dry years appeared more frequently in the past than at present.
This can be interpreted as an evidence of a generally drier climate. A number of years
with positive and negative precipitation anomalies (differences between the reconstructed
value and MP) is counted by 25-year intervals (Fig. 8). The results are placed to the tree
groups (Fig. 8). The ‘left’ group includes intervals with more than 70% (18 and more)
relatively dry years, and the ‘right” group includes intervals with more than 70% (18 and
more) relatively wet years. Thus, intervals 324-300, 249-150, 74-50 BC, and 51 -350,

o Kang et al. 1997; 2000; P. Sheppard, personal communication 2002.
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Fig. 7. Upper plot: Changing precipitation of the ‘water year’ (July of the previous year to June of the current

year) reconstructed using juniper ring-width indices from Dulan. Grey colour marks the parts of the curve

where chronology is based on a limited number of samples (less than four) and the reconstruction is less

reliable. Arrows with a number indicate the years with missing tree rings. Lower plot: Changing sample size
over time (515 BC-800 AD).

426-475 AD experienced a relatively dry climate with average P, values varying from
140 mm (251-275 AD) to 171 mm (324-300 BC) and average ring-width indices
of 0.67-0.92 (Fig. 8). Intervals which experienced more favourable moisture conditions
than the main part of the record are relatively short, occurring 416-375, 349-325,
299-275, 124-75 BC, 376-425, 501-525, 576-675 AD and after 726 AD. The rela-
tively wet intervals are characterised by average P, values of 243-196 mm and average
ring-width indices of 1.12-1.5. A comparison of the results from Fig. 7 and Fig. 8 sug-
gests that the missing rings are associated with the dry years and mainly occur during the
intervals with a relatively dry climate. However, the years with low precipitation that
appeared during the intervals with more favourable conditions might also cause the miss-
ing rings (e.g. 26, 555, 600, 719 and 720 AD).
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Interval, Number of years P, averaged RI averaged Climate
years with negative/ by 25-year by 25-year characteristic
BC/AD positive P, interval interval
anomaly mm
BC 399-375 7/18 201 1.17 Relatively wet
BC 374-350 12/13 185 1.03 Similar to present
BC 349-325 4/21 204 1.18 Relatively wet
BC 324-300 19/6 171 0.92 Relatively dry
BC 299-275 /18 207 1.21 Relatively wet
BC 274-250 16/9 173 0.93 Similar to present
BC 249-225 24/1 158 0.81 Relatively dry
BC 224-200 22/3 165 0.87 Relatively dry
BC 199-175 20/5 164 0.86 Relatively dry
BC 174-150 25/0 163 0.85 Relatively dry
BC 149-125 9/16 203 1.18 Similar to present
BC 124-100 1724 232 1.41 Relatively wet
BC 99-75 5120 202 1.17 Relatively wet
BC 74-50 19/6 169 0.91 Relatively dry
BC 49-25 12/13 179 0.99 Similar to present
BC 24-0 14/11 186 1.04 Similar to present
AD 1-25 12/13 181 1.00 Similar to present
AD 26-50 13/12 183 1.02 Similar to present
AD 51-75 23/2 165 0.88 Relatively dry
AD 76-100 21/4 167 0.89 Relatively dry
AD 101-125 20/5 165 0.88 Relatively dry
AD 126-150 19/6 168 0.90 Relatively dry
AD 151-175 25/0 155 0.80 Relatively dry
AD 176-200 24/1 156 0.80 Relatively dry
AD 201-225 22/3 161 0.84 Relatively dry
AD 226-250 25/0 149 0.74 Relatively dry
AD 251-275 25/0 140 0.67 Relatively dry
AD 276-300 25/0 145 0.71 Relatively dry
AD 301-325 24/1 154 0.79 Relatively dry
AD 326-350 25/0 153 0.78 Relatively dry
AD 351-375 23/2 145 0.71 Relatively dry
AD 376-400 6/19 212 1.25 Relatively wet
AD 401-425 3/22 223 1.34 Relatively wet
AD 426-450 21/4 163 0.86 Relatively dry
AD 451-475 20/5 171 0.92 Relatively dry
AD 476-500 15/10 180 0.99 Similar to present
AD 501-525 718 199 1.15 Relatively wet
AD 526-550 15/10 182 1.01 Similar to present
AD 551-575 14/11 169 0.91 Similar to present
AD 576-600 6/19 199 1.15 Relatively wet
AD 601-625 3/22 215 1.27 Relatively wet
AD 626-650 5120 196 112 Relatively wet
AD 651-675 7/18 199 1.15 Relatively wet
AD 676-700 16/9 174 0.94 Similar to present
AD 701-725 16/9 179 0.98 Similar to present
AD 726-750 1/24 243 1.50 Relatively wet

Fig. 8. Temporal variations in the reconstructed precipitation (P,) of the water year (July -June) inferred from
Dulan ring-width indices (RI) presented for 25-year intervals.
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Discussion and conclusions

The interval from 500 BC to 800 AD experienced several climate oscillations (e.g. ‘Iron
Age Cooling’ and ‘Medieval Warm Epoch’) recorded in the palaeoenvironmental and
archaeological studies dealing with the different regions of Eurasia®. As indicated by the
name of these climate events, the major attention when discussing them has been paid to
temperature changes. Until recent times very few adequately dated and high-resolution
proxy records from Central Asia were available for comparison with our precipitation
reconstruction in Dulan.

Kang et al.*® compared their tree-ring chronology to the mean monthly temperatures
from Dulan meteorological observatory and used the correlation between the ring-width
indices and the mean temperature of the autumn months for the reconstruction of ‘warm’
and ‘cold’ spells in the area during the past eighteen centuries. In the present study we
have found that ring-width data from Dulan correspond better to the precipitation of the
‘water year’ lasting from July of the previous year to June of the current year. This result
is in agreement with the ecological and dendroclimatological studies of juniper trees in
regions with dry climate. In the BIOME1 vegetation model juniper species are attributed
to the ‘eurythermic conifer’ plant functional type, whose growth is primarily limited by
moisture conditions and not by temperature®. It has been found that climatic conditions,
which produce narrow rings in Juniperus osteosperma (species growing in Colorado,
USA) are mainly droughts occurring during the period from October of the prior year to
May of the analysed year’’. Furthermore, the latter study reports that ring widths of juni-
per are markedly affected by total precipitation (r = 0.78). Ring widths of conifers in
semiarid regions often have negative correlation with variations in monthly temperatures,
and direct correlation with variations in monthly precipitation®. These relationships can
be easily explained in terms of the physiological processes limiting tree growth, e.g. by a
water stress caused by low precipitation or/and high temperatures. In the case of Dulan,
where mean summer temperatures do not exceed 15-17 °C (Fig. 3), low precipitation
seems to be the most probable reason for the water deficit. Moreover, a recently published
new interpretation® of the ring-width chronology from Dulan considers spring (May-
June) precipitation as an important factor (r = 0.58, p < 0.001) influencing tree growth in
the area. This conclusion is consistent with our results.

The reconstructed values of the annual precipitation values during 416 BC-758 AD
vary from 100 to 300 mm, thus are not different from the modern instrumental record in
Dulan. The Zhang et al.* study based on living and fossil wood from Dulan mainly dis-
cusses climate changes during the last 1500 years. However, it points that the spring pre-
cipitation lay in a relatively low level of variability around the mean, between 326 BC
and the end of the 3 century AD. Our reconstruction suggests that relatively dry years
with precipitation below modern mean value did occur more frequently in the past than
they do now. Further analysis of the results suggests that intervals with more than 70% of

3 Selivanov 1994; Lamb 1995.

¥ Kang et al. 1997.

3 Prentice et al. 1992; Sykes et al. 1996.
37 Fritts 1976.

3 Fritts 1976.

39 Zhang et al. 2003.

4 Zhang et al. 2003.
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relatively dry years and average precipitation of ca 140-170 mm occurred 324-300,
249-150, 74-50 BC, 51-350 and 426-475 AD. Intervals of relatively wet climate (av-
erage precipitation of 240-200 mm) are reconstructed 416-375, 349-325, 299-275,
124-75 BC, 376-425, 501-525, 576-675 AD and after 726 AD.

Comparison of our results with the other hydrological reconstructions from Central
Asia reveals the following. Pollen and sedimentary records from Telmen Lake (48° 50" N,
97°20"E, 1789 m) in Central Mongolia*' suggest that in the lake basin the interval
500 BC-350 AD was characterized by relatively moist conditions. The wet phase was
interrupted by the arid excursion dated to about 2000 cal BP (ca 50 BC). It corresponds to
the relatively dry interval with very few ‘wet’ years in our record. Furthermore, the arid
interval reconstructed between ca 1600 and 1200 cal BP** (350-750 AD) has only partial
correspondence with the long aridity phase reconstructed in Dulan from 51 to 375 AD
and 426-475 AD. A relatively long phase with wetter conditions started in Dulan about
575 AD, e.g. more than 150 years earlier than in Mongolia. Traces of the short but
pronounced aridity episode found in the Telmen Lake record in ca 550 AD coincide with
the cold temperatures and summer frost AD 536-545 suggested by tree-ring records from
Central Mongolia®*. Ring-width data from Dulan also suggest relatively dry years be-
tween 537-565 AD (24 of 28 years). A combination of tree-ring width depressions with
historical** and glaciological data from different parts of the world suggests a worldwide
volcanic dust veil in 536 AD*. The linkage between tree rings and volcanic events is a
matter of scientific discussion*. However, a single volcanic eruption probably is not
enough to explain the period of drought that lasted more than 20 years as reconstructed in
Dulan.

The data in Fig. 8§ suggest that the longest phase with relatively dry conditions oc-
curred in Dulan from 51 to 375 AD and continued 426-475 AD after a period of slight
climate amelioration. The radiocarbon date of 1590 + 140 uncal BP from the peat layer
deposited in the eastern part of the Aral Sea*’ points to a very deep regression of the lake
around the 4"-5" century AD. At the time (5" century AD) Khwarezm — the great agri-
cultural state in the Amu Darya River delta — experienced a severe economical crisis.

These pieces of evidence combined together suggest a very dry climate in the south-
ern part of Central Asia, consistent with records from Dulan. Sedimentary records from
Yiema Lake (39° 06" N, 103° 40 'E) situated in NW China close to the Mongolian border
also suggest a drought around 1500 cal BP* (ca 450 AD). This drought corresponds well
to the dry interval reconstructed in Dulan (Fig. §). Pollen and sedimentary data from pa-
laecolake Eastern Juanze (41.89° N, 101.85° E, 892 m) that had existed in the Alashan
Gobi, NW China since ca 10,000 cal BP suggest a desiccation of the lake soon after
2000 cal BP¥.

Relating our reconstructed climate characteristics with the chronology of culture-
historical events in the Qinghai-Gansu area, we have observed the following phenomena.

*1 Fowell et al. 2003.

*2 Fowell et al. 2003.

* D’Arrigo et al. 2001a; 2001b.
* Rampino et al. 1988.

3 Baillie 1994.

0 Schweingruber 1996.

47 Tarasov et al. 1996.

8 Chen et al. 1999.

* Herzschuh et al. 2003.
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The Former Han dynasty (202 BC-23 AD), which had its capital in Chang’an (present-
day Xi’an), for the first time extended Chinese territory towards the present-day Xining
(Fig. 1). During the reign of Wang Mang (9-23 AD) even the Qinghai Lake district was
incorporated. Remnants of city walls are still visible today above the surface and tombs
are frequently opened up by soil erosion and construction work. However, this maximum
extension did not last and during the Later Han dynasty (25-220 AD) it was lost again.
The native inhabitants of this area were tribes, which are called either Qiang™ or “semi-
nomadic Tibetans™", still without reliable knowledge about their ethnicity. According to
written sources the Chinese colonisation, like the setting up of self-sufficient agricultural
garrisons, was clearly politically motivated and driven by the main task to prevent the
Qiang from allying with the Xiongnu, the tribes of the northern steppes. Nevertheless,
between the first census in 2 AD and the second census in 140 AD approximately 70% of
the Han-Chinese inhabitants (amounting to 6.5 million people) left the territory in a “vast
voluntary migration from north to south™* due to pressure from the Qiang who filled the
emptied areas. The tribes migrated into the western Chinese territories with such a tre-
mendous amount of people that they soon outnumbered the Chinese, who during the 1*
century AD still tried to accommodate them in dependent states™. But the eastward mo-
vement of the tribes further increased dramatically in the 2™ century AD until the Chine-
se hold on the western regions ended and with it the Han Empire itself. Whether the mi-
gration was impelled by population pressure™, and if so what caused the population
growth, are questions that must remain unsolved at the moment. At any event, the local
tribes dominated the area until the Tuyuhun, nomads from the northeastern steppe re-
gions, entered the area around the Qinghai Lake, intermarried with the indigenous elite®
and kept the reign until they were overthrown by the Tibetans in 680 AD. The Tibetan
Kingdom Tubo (Tufan) had started to grow in power since the first half of the 7" century
and had expanded its territory rapidly by mid-century. By destroying the Tuyuhun King-
dom the Tibetans became the immediate north-western neighbours of the Han-Chinese
Tang Empire persistently threatening the traffic routes, the Silk Route. Even the remains
of the grave goods left by the robbers in Dulan®® prove the enormous benefit they earned
from controlling the far distant trade. Just as several hundred years before, the Chinese
tried to fight and to contain them by attacks, invasions, and marriage alliances and by
founding agricultural garrisons. And again these farmer-soldiers’ outposts did not survive
for long.

The remarkable event of the forced and voluntary Qiang mass-migration into the
western Chinese territories®’ coincides with the interval of relatively dry climate from 51
to 225 AD. The long dry period continued until 375 AD when the Tuyuhun had already
settled around Qinghai Lake. As the Qiang settled east of the Huang He (Yellow) River
during the first centuries AD, pastoral tribes in general dominated the whole of northern
China for about 350 years until the next central Chinese Empire, the Sui dynasty, was

30 de Crespigny 1984; Wang 1992; Yii 1995.
3! Bielenstein 1995, 270.

32 Bielenstein 1995, 241.

3 Yii 1995.

* Yii 1995.

3 Franke/Twitchett 1994.

5 Xu/Zhao 1996; Xu 2002.

7 de Crespigny 1984.
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founded in 581 AD. The lack of precipitation might have been one of the main reasons
explaining why “the balance of advantage had shifted from Chinese-style peasant agricul-
ture to non-Chinese pastoral economy”®. The relatively wet periods between 576 and 675
AD brought about a strong Tibetan Kingdom side by side with a strong Chinese Empire,
the Tang dynasty (618-907 AD).

In conclusion, the results of the reconstruction based on the 1315-year archacological
wood chronology from Dulan is the first attempt to gain information on annual changes in
precipitation for this area and it demonstrates a big potential for dendroclimatological
studies in NW China. We have shown that the driest phase reconstructed from Dulan
tree-ring data occurred during the first centuries AD, synchronously with the arid events
recorded in NW China and in Central Asia. Less correspondence occurs when results
from further north (e.g. Central Mongolia) are compared. The occurrence of dry condi-
tions in NW China as well as in Middle Asia seems to be in agreement with a change in
population dynamics and land use to a strengthening of the herdsmen and a weakening of
the farmer society in these regions. However, more data is required for a better under-
standing of the climatic changes and for proof of their relationship with cultural shifts. Our
further efforts will be to improve the tree-ring data set in Qinghai Province and to get more
high-resolution palacoclimatic information from the existing data, including isotope and late
wood density analyses of tree rings and archaeological and historical sources analyses™.
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Pesrome

B cratbe mnpencraBieHbl pe3ysbTaThl JEHAPOXPOHOJOTMYECKHX M JEHAPOKIMMATHYECKHUX
MCCIIEZIOBAaHUM, BBIMONHEHHBIX B paiioHe [lyman (npoBuHums Llunxai, C3 Kurait). O6pa3upl
JIpeBECHHBI MOJOKeBenbHUKA (Sabina przewalskii) 6suin otoOpanbel B 1999 roxy u3 crBojOB,
o0OHapyXeHHbIX B MoruibHUKax snoxu Ty6o (Tydan), natupoBanHbsix 7-8 BB. H.3. [locTpoeHHas
C Y4eTOM aHalM3a IIMPHUHBI TOJMYHBIX KOJIEL MOXOKEBEJIbHUKA JI€HIPOXPOHOJIOrMYecKas IuKaaa
oxsarbiBaeT 1315 net B unrepsane mexay 800 rogom H.3. u 515 rogom 1o H.3. KoppensiuoHHbIH
aHaJIN3 WHIEKCOB IIUPUHBI TOAMYHBIX Konew Sabina przewalskii B paiione meteoctanuuu [lynan
(36° 17,46’ c.iu., 98° 4,44 B.1., okono 3200 M) U cpeqHEMECAYHbIX 3HAYEHHH TEMIepaTypbl W
ocankoB B mepuon ¢ 1940 mo 1993 rox mosBossier cienaTh BBIBOA O TOM, YTO MPUPOCT
MOXOKEBEIIbHUKA B HMCCIIEyeMOM paiOHE ONpeleseTcs CyMMapHbBIM KOJIHYECTBOM OCAJKOB,
BBIMABIIMX C HIOJIS NpEbIAyLIero roja Mo HIOHb Tekyilero ropa. Ilonyuennas tpaHcdep-
(GYHKIMS MCHONB3yeTCs Al PEKOHCTPYKLMH aTMOC(EpHBIX OCaAKOB M0 o0Opasuam apxeosio-
THYECKOi  JpeBecHHbl. Pe3ynbTaThl PEKOHCTPYKLUHMH [O3BOJISIIOT CYMTATh OTHOCHTEIBHO
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sacyuuiuBbiMi 324-300, 249-150, 74-50 roael 10 H.3., a Takke 51-350 u 426-475 roasl H.3.
Hawubosiee OnarornpusiTHbIMM YCIOBHIMH YBJIaXHeHUs1 xapakrepusytorcst 416-375, 349-325,
299-275 u 124-75 roael 10 H.3., a Takke B 376-425, 501-525 u 576-675 roasl H.3. Cpas-
HUTENIbHbIA aHAJIM3 HCTOPUUECKMX JAHHBIX M PEKOHCTPYHUPOBAHHBIX MAJCOKIMMATHUECKHX
nokasaTtesell yka3bplBaeT Ha TO, YTO JUIMTENbHAs (pa3a ¢ OTHOCUTENILHO CyXuM Kiumarom (51-350
roJibl H.3.) COBMAJAeT MO BPEMEHH C 3aMyCTEHHEM 3eMJIC/IEIbYECKHX MOCEICHUI-TApHU30HOB B
BocTouHOM lluHxae, a ocnabieHue BIMSHUS KUTAHCKOM AMHACTMM XaHb B OOLIMPHOM pEruoHe
Mesxay osepom llunxait u ropomom Yananb (coBpemeHHbli CHaHb) CONPOBOXKIACTCS TMPOJ-
BMKEHHEM CKOTOBOJUYECKHMX IJIEMEH B BOCTOYHOM HaripabieHuu — ¢ Tubera Ha paBHHUHBL B
nepuoJ| yBiaxkHeHust kimumara (576—-675 roasl H.3.) — Gonee 6IaronpUATHBIN Ui 3eMiIe1enus —
NPOHUKHOBEHHE Ha 3amaj KuTaiickod auHactud Tan (618-907 roapl H.3.) MMOCTOSHHO
HATaJKMBAETCS HA COMPOTHBJIEHME CHIIBHOro Tuberckoro rocynapctsa, KOHTPOJIMPYIOLIErO
Toprosele yTH B CpeHioo A3Hio.





