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中文 要

了解農業灌溉對環境造成的影響一直都是重要的課題。人為的水資

源管理（如灌溉）足以改變地表的能量收支與水循環。在本研究中，

我們關注在亞洲低緯度地區的灌溉行為對冬季時期區域和全球氣候的

可能影響。我們利用地球系統模式模擬陸地與大氣交互作用如何受到

灌溉的影響，以及大氣環流如何改變。我們發現，不考慮灌溉的模式

模擬低估了冬季在印度河―恆河平原的平均蒸發散量。比較有無考慮

灌溉的模式模擬結果顯示，低緯度地區的灌溉使得冬季時期有較高的

土壤濕度，從而降低了地表鮑文比，經由大氣的迴饋造成整個印度次

大陸尺度的地表降溫。由於較大的海陸熱力差異，盛行季風亦有所增

強。此外，熱帶地區的降水與中緯度的氣候皆有改變，顯示了熱帶與

溫帶間的遙相關關係。冬季的阿留申低壓加深並向東移動，儘管在冬

季，北美幾乎沒有進行任何灌溉，但實驗中在北美陸地則有增暖的現

象。在前人的研究中曾發現此增暖現象，但並無加以解釋，因此本研

究提供了一個合理的機制，亦即此北美的增暖現象是來自於在亞洲低

緯度地區進行灌溉所造成的影響。

關鍵字：灌溉、陸地―大氣交互作用、印度河―恆河平原、熱帶―

溫帶遙相關、阿留申低壓
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Abstract

The effect of agricultural irrigation on the environment has long been

a critical concern. Anthropogenic water management can change surface-

energy budgets and the water cycle. In this study, we focused on the impacts

of Asian low-latitude irrigation on regional and global climates during bo-

real wintertime. We used a state-of-the-art earth system model to simulate

land–air interaction processes affected by water management and the conse-

quent responses in atmospheric circulation. Modeling without considering

irrigation underestimates evapotranspiration in the Indo-Gangetic Plain dur-

ing winter. Perturbed experiments show that wet-soil-moisture anomalies at

low latitudes can lower the surface Bowen ratio and reduce the surface tem-

perature to a continental scale through atmospheric feedback. The intensity

of prevailing monsoon circulation becomes stronger because of larger land–

sea thermal contrast. In addition, anomalous tropical precipitation and mid-

latitude climatic changes indicate tropical–extratropical teleconnections. The
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wintertime Aleutian low is deepened and shifts eastward, and an anomalous

warm surface temperature is found in North America, although there is little

irrigation over North America in the winter. Previous studies have noted this

warming but left it unexplained, and we provide a plausible mechanism for

these remote impacts, which come from the irrigation over Asian low-latitude

regions.

Keywords:irrigation, land-air interaction, Indo-Gangetic Plain, tropical-extratropical

teleconnection, Aleutian low
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Chapter 1

Introduction

Soil moisture is a critical component in the terrestrial hydroclimate and ecological sys-

tem. The temporal and spatial distribution of soil moisture is pivotal for synoptic weather

prediction and large scale climate simulation. Studies have shown that soil moisture can

contribute to intraseasonal forecast skill (e.g., Koster et al., 2010, 2011). The importance of

soil moisture lies in its control of both surface-energy balance and water balance (Senevi-

ratne et al., 2010). Liquid soil water is transformed into water vapor in the process of

evapotranspiration (ET) as the atmosphere absorbs latent heat from local land surfaces

and can release the energy elsewhere. Depending on atmospheric circulation and con-

ditions, the condensation of vapor results in cloud formation or in precipitation, which

returns the water to the land surface. Coupled with air and precipitation, soil moisture can

therefore interact with the climate.
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Through various types of land use, humans are considerably influencing land surfaces.

Among them, irrigation is the most direct act of changing soil moisture and thus should

not be ignored. Adding water to a field to maintain soil moisture higher than unmanaged

land causes evaporation from bare soil and transpiration from crops to increase. Previ-

ous studies have shown that irrigation has first-order effects on the near-surface climate

through changes in local surface-energy partitioning (Douglas et al., 2006; Biggs et al.,

2008) and generally leads to a lower Bowen ratio over the land, where the latent heat flux

at the surface is increased and the sensible heat flux is decreased. Observations have also

shown that air temperatures over heavily irrigated regions are lower because of evapora-

tive cooling effects (Bonfils and Lobell, 2007; Roy et al., 2007; Lobell and Bonfils, 2008).

Atmospheric model simulations have demonstrated that irrigation results in surface cool-

ing and potentially enhances downwind precipitation (Yeh et al., 1984; Sacks et al., 2009;

DeAngelis et al., 2010; Puma and Cook, 2010; Cook et al., 2011). In addition, modeling

studies have revealed that irrigation affects atmospheric circulation in monsoonal regions

including North America (Lo and Famiglietti, 2013; Lo et al., 2013), West Africa (Im

et al., 2014), and South Asia (Saeed et al., 2009; Lee et al., 2011a; Guimberteau et al.,

2012; Shukla et al., 2014), because these places are in climatic transition zones and are

more sensitive to soil moisture deviations resulting from stronger land–atmosphere cou-

pling strength (see Koster et al., 2006, for example).

South Asia is the most heavily irrigated region of the world. Previous studies have
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shown that the intensity, variability, and onset date of the summer monsoon are possibly

affected by irrigation. Irrigation introduces additional moisture to the atmosphere; con-

currently, evaporative cooling changes the thermal contrast between land and the ocean,

thereby affecting moisture transport and the summer monsoon circulation. Studies so

far focused on the impacts of irrigation during summertime mostly; however, high soil-

moisture anomalies from irrigation might persist through fall and winter, and farmers still

irrigate in low-latitude regions in the wintertime (discussed in more detail in Chapter 3.1),

when the cool, dry air flows southward from the Indian subcontinent to the Indian Ocean

as the prevailing South Asian winter monsoon. We investigated the extent to which the

high soil-moisture anomalies of the wintertime affect the climate because of a substantial

amount of irrigation water added to fields. The current study thus focuses on identifying

the land–atmosphere interaction processes affected by water management and the conse-

quent responses in atmospheric circulation over South Asia during the winter.

The purpose of this study is to investigate the following research issues. First, can we

track the fingerprint of the irrigation here in observation data? If so, which means that the

effects of irrigation are not negligible, then we would like to know the second question: Is

the irrigation also affecting wintertime monsoon circulation and even have some remote

impacts? We conduct state-of-the-art climate model simulations and analyze the results

to answer the question. We will show that through change the intensity of South Asian

winter monsoon, irrigation does have the potential to change not only local climate, but
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also the precipitation patterns over Indian Ocean as well as Pacific Ocean. As the tropical

circulation is perturbed, winter climate over North Pacific will also be modified. The third

issue is to compare our findings with previous studies and some other datasets, including

a last millennium simulation and reanalysis data. We use the two datasets to explore the

impacts of South Asian winter monsoon on climate when there is no other interannual

variation considered. The comparisons provide support on our hypothesized mechanisms

of how irrigation in South Asia affects remote climate. The rest of this thesis is organized

as follows. Chapter 2 briefly describes the data used and the setup of model experiments.

Results are in Chapter 3. In Chapter 3.1 fingerprint of irrigation is detected from the

observations we utilized. The rest of Chapter 3 are the results of a series of global climate

model simulations. Chapter 4 discusses the results we found and provides some validation

of the driving mechanism using different data sets. Finally, Chapter 5 is a summary of the

results and the future work.
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Chapter 2

Methodology

2.1 Data sets

In this study, two sets of land-surface ET data were used for the analysis. One is

a satellite-derived land ET record (Zhang et al., 2010) based on Advanced Very High

Resolution Radiometer (AVHRR), and the other is an more in situ-based data set upscaled

from the FLUXNET eddy-covariance towers using a machine-learning approach called

model tree ensembles (Jung et al., 2009). Also used are the potential evapotranspiration

(PET) data from the Climate Research Unit Time Series 3.2 data (Harris et al., 2014) and

the data of irrigation water demand derived from agriculture and climate data sets (Wisser

et al., 2008).

To isolate the effects of irrigation on the climate from other anthropogenic factors, we

make use of the historical run of the NCAR Community Earth System Model (CESM)
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from the Coupled Model Intercomparison Project Phase 5 (CMIP5) output archives. In

this historical run, all the major anthropogenic forcing in the twentieth century (such as

the aerosol) was included in the simulation but not the irrigation. Therefore, the irrigation

effects on the climate are identified by comparing the historical run with the observations.

To elucidate the results we get in the model experiment, we also download the ERA-

Interim reanalysis data andCMIP5Community Climate SystemModel version 4 (CCSM4)

last millennium simulations to analyze the effects of interannual variation of South Asian

winter monsoon on climate.

2.2 Model setup

Numerical experiments were also conducted with the CESM to understand the mecha-

nisms that enables irrigation to affect local and remote climates and the associated changes

in atmospheric circulation. The experiments were performed with a fully coupled land–

ocean–atmosphere configuration of the CESM, which includes the Community Atmo-

sphere Model version 5 (CAM5) and the Community Land Model Version 4 (CLM4) that

can explicitly simulate land hydrological processes (see Figure 2.1) and is suitable for the

purpose of this study. A control (CTR) simulation and a perturbed (IRR) experiment were

conducted, in which the global distribution and amount of irrigation estimated by Wisser

et al. (2008) over the last decade of the twentieth century was included in the experiment
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but not in the control simulation. The irrigation is applied to the top layer of soil as effec-

tive precipitation, with a quarter of the irrigation water being supplied by an unconfined

aquifer (see Table 2.1 and Figure 2.2). Both simulations were integrated for 100 years

with a horizontal model resolution of 1.9 × 2.5 degrees. The first 50 years were used as a

model spin-up, whereas the last 50 years were used for analysis.
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Chapter 3

Results

3.1 Regional impacts induced by the irrigation over the

Indo-Gangetic Plain

Boreal winter is generally not the crop-growth season at northern midlatitudes because

of low temperatures. The temperature is amenable at low latitudes to growing crops; how-

ever, it is the dry season, and irrigation is needed to compensate for the lack of moisture.

Figure 3.1a shows a global estimate of irrigation water demand from agricultural and cli-

mate data sets (Wisser et al., 2008). Irrigation is concentrated in a few places (especially

in South Asia) in boreal winter (January, February, and March; JFM). The belt of irri-

gation clearly observed over Northern India is the Indo-Gangetic Plain (IGP), which can

be seen having the irrigation amount about an order of magnitude larger than elsewhere.
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A substantially large amount of water used there is attributed to the practice of flood ir-

rigation, which floods the field to facilitate soaking the soil with water. It is the most

water consuming method of irrigation and is commonly adopted in the IGP. The flooded

fields behave like ponds and continuously evaporate moisture into the lowest level of the

atmosphere.

In regions where the PET is higher than the actual ET, previous studies have indicated

that there is possibly a direct effect of increased latent heat fluxes to the atmosphere in

response to excess soil moisture (e.g., Seneviratne et al., 2010). In addition, in this region,

a considerable portion of the irrigation water is withdrawn from groundwater. Such a

large amount of groundwater withdrawal has been observed over Northern India by NASA

Gravity Recovery and Climate Experiment (GRACE) satellites (Rodell et al., 2009). As

groundwater (particularly confined groundwater) is originally inactive in the water cycle,

the withdrawal is thus in effect adding additional water to participate in land–atmosphere

interactions (Figure 3.2).

Irrigation constitutes a critical part of moisture supply to the ET; Figure 3.1b shows

a comparison of the mean seasonal cycles of PET, observed ET, and irrigation amount in

the IGP. The AVHRR-based, FLUXNET-based and PET data fromCRU are averaged over

1983-2006, 1982-2011 and 1981-2000, respectively. While the PET curve is unimodal and

peaked in the early summer, both the irrigation amount and actual ET curves are bimodal

and peaked in spring and early fall. The similarity between the irrigation amount and
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the ET illustrates the crucial role that irrigation plays in the ET. Furthermore, without

considering the effect of irrigation, the ET simulated by the historical run of the CESM in

JFM is underestimated compared with that estimated by both remote-sensing and in-situ

observations (Figure 3.1c). In addition, compared with the whole Indian subcontinent,

near-surface temperature simulated by CESM over IGP has a relative warm bias when

compared with CRU grid data (Figure 3.3). Therefore, the large amount of irrigation

water applied in the IGP has most likely left a fingerprint in local water and energy balance

that can act as a potential forcing to regional or even remote climate. It is necessary to

understand what and how the irrigation over South Asia practices impact the climate.

To identify the local climate response to the irrigation over South Asia, we compared

and show in Figure 3.4 and Table 3.1 the simulation differences between the CTR and

IRR simulations in JFM. Over the South Asia, the irrigation increases the soil water in

the top 10 cm of the soil layer (Figure 3.4a) and the latent heat fluxes into the atmosphere

(Figure 3.4b). The mean latent heat release in the IGP changed from 25.92 W/m² in the

CTR simulation to 37.74 W/m² in the IRR simulation. The latter value is reasonably

close to the value of the observed latent heat flux shown in Figure 3.4c. We note that the

largest increases of soil water and latent heat fluxes occur in the heavily irrigated regions

(cf. Figure 3.4a and 3.4b to Figure 3.1a). Since the South Asia is located in the subsi-

dence branch of the Hadley circulation during the boreal winter, the increased input of the

moisture to the atmosphere by the irrigation does not induce more precipitation locally,
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which has been implied by previous studies (Harding and Snyder, 2012a,b). By contrast,

low-level cloud cover increases downwind of the irrigated regions (Figure 3.4c), and this

finding is consistent with the irrigation studies in North America (e.g., DeAngelis et al.,

2010; Lo and Famiglietti, 2013). The increased cloudiness decreases the downward solar

radiation at the surface (Figure 3.4d) to cause a surface cooling that spreads throughout

the entire Indian subcontinent (Figure 3.4e). The results imply that the local responses to

irrigation are not always the same and dependent on the background climate and season

it is applied. The surface air temperature in the IGP region decreases by about 1°C from

the CTR simulation to the IRR simulation. It is necessary to point out that surface tem-

perature in IGP was projected to increase 4.5°C by the end of twenty-first century without

considering the irrigation effect in the 8.5 W/m² representative concentration pathways

(RCP8.5) simulation of CESM. The project can thus be different if the irrigation impacts

are included.

The intensity of the Indian monsoon circulation is associated with the land–sea thermal

contrast between the Indian subcontinent and the Indian Ocean. Therefore, the cooling in-

duced by the irrigation over the Indian subcontinent can result in a larger sea-land contrast

to enhance the winter Indian monsoon. This is confirmed by simulation difference pro-

duced by the CTR and IRR simulations in Figure 3.5a, which shows the low-level (925

hPa) northeast winds intensified over northeast South Asian and the western Arabian Sea.

The anomalous northeasterlies move across the equator into an anomalous low over the
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tropical western Indian Ocean, where the upward vertical velocity and precipitation are en-

hanced. The monsoonal flow then returns northward in the upper troposphere (at 200 hPa;

Figure 3.5b) and subsides over the India Peninsula where an anomalous low and cyclonic

circulation were produced. The anomalous meridional circulation associated with this en-

hanced winter monsoon circulation is shown in Figure 3.5c, where the zonally-averaged

(40°E-90°E) omega velocity is shown. The figure shown that descending motion is en-

hanced over the northern Indian (around 30°N) while the ascending is enhanced over the

Southern Indian Ocean (around 30°S). The 200-hPa velocity potential anomalies shown in

Figure 3.5e clearly indicate an anomalous convergence over South Asia and an anomalous

divergence over the tropical Indian Ocean. These features together indicate that the IGP

irrigation can induce an intensified winter monsoonal circulation and local Hadley cell,

which are illustrated in Figure 3.5d.

3.2 Remote impacts on the North American winter cli-

mate

The strength of the Hadley circulation is known to be sensitive to the latitudinal dis-

placement of the solar heating (Lindzen and Hou, 1988), which makes the Hadley cir-

culation to be most prominent during boreal winter when the strongest solar displaces

to the south of the equator. The Hadley cell transports energy in the direction of its up-

12



per branch from the Southern Hemisphere (SH) to the Northern Hemisphere (NH) during

the winter. The irrigation-induced surface cooling is concentrated in the NH during the

winter, thus increasing the interhemispheric temperature gradient from a zonal mean per-

spective. The interhemispheric temperature gradient is crucial for tropical rainfall and

the Hadley circulation, and the concept has been employed in studies on paleoclimatic

scenarios, present day climatic variations, and anthropogenic aerosol forcings to assess

the effects of interhemispheric-asymmetric thermal forcing (e.g., Chiang and Bitz, 2005;

Broccoli et al., 2006; Bollasina et al., 2011; Lee et al., 2011b; Chiang and Friedman, 2012;

Swann et al., 2012; Friedman et al., 2013; Hwang et al., 2013). A higher interhemispheric

temperature gradient tends to transport more energy between the hemispheres.

The changes in the zonal mean stream function between the CTR and IRR simula-

tions (Figure 3.6a) show an intensification of Hadley circulation in response to the boreal

cooling induced by irrigation, which is in accordance with the local Hadley cell change

over Indian Ocean sector. As the Hadley circulation is intensified in a global manner, the

tropical precipitation changes are found in not only Indian Ocean but also other basins,

notably Pacific Ocean. In general, precipitation north to Australia is suppressed, and the

tropical rain belt over central Pacific Ocean is shifted southward (Figure 3.7). Taking the

zonal mean of precipitation change, it is seen more clearly that tropical precipitation is

displaced southward (Figure 3.8). The changes in the tropical circulation cause more an-

gular momentum to be transported to the NH midlatitudes and result in an intensification
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of the subtropical jet, centered over the northeastern Pacific Ocean (Figure 3.6b). Aver-

aged from 150°E to 120°W, the 200-hPa zonal wind speed at 30°N has increased for 6.3%

(from 50.9 m/s to 54.1 m/s). Following the strengthening of the subtropical jet, there is

anomalous westward wind velocity north to 45°N. The weakening of mid-latitude west-

erlies is a manifestation of weakened transient eddy activity over North Pacific, which

has been shown in observational and theoretical studies associated with a strengthened

subtropical jet (Nakamura, 1992, 2002; Lee and Kim, 2003). The resulting anomalous

cyclonic circulation exhibits a barotropic structure and corresponds with a deepening and

eastward shift of the semipermanent Aleutian low, as observed from sea-level pressure

differences (Figure 3.6c). The prevailing winter weather pattern or storm track is related

to the position and strength of the jet stream. These changes in the northeastern Pacific

resemble the positive Pacific/North American (PNA) pattern, and are indications of North

Pacific winter climatic change, the remote impacts of wintertime irrigation over Asian low

latitudes (e.g. Trenberth et al., 1998).

Figure 3.9b shows the differences in surface air temperature over North America be-

tween the CTR and IRR simulations, which interestingly exhibit anomalous warming in

west to central North America despite the lack of irrigation in North America during the

winter season. These differences are thus another manifestation of the remote impacts

of irrigation at Asian low latitudes, which is in accordance with the circulation changes

revealed in Figure 3.6 over the northeastern Pacific. The deepened Aleutian low and ridg-
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ing across western North America (see Figure 3.9a) associated with the positive PNA-like

pattern results in above-normal temperatures. The warming tendency in North America

has also been seen in several previous studies on irrigation impacts (e.g., Sacks et al.,

2009; Puma and Cook, 2010; Cook et al., 2014), which utilized either models or irrigation

schemes that are different from the current study. As previous studies did not explicitly

explain the origin of the warming tendency in North America, the current study provides

a plausible mechanism, which is induced by the irrigation activity in Asian low-latitudes.
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Chapter 4

Discussion

In this chapter, we provide some examinations on the results we find in the simu-

lations. First we focus on the impacts of South Asian winter monsoon variability from

Indian subcontinent surface temperature on northeastern Pacific. Then we compare the

current study with some previous studies to show that our findings are not odd exceptions.

We note that the current study implies not only the potential of land processes at Indian

subcontinent affecting winter monsoon but also the sensitivity of tropical and northeastern

Pacific atmosphere to Indian Ocean SST and precipitation anomalies.

4.1 Remote impacts of winter monsoon variability

There are about 30 and 1000 years of data in ERA-Interim reanalysis and CCSM4 last

millennium simulations, respectively. We define an Indian interhemispheric temperature
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gradient, △T = TSH − TNH, which is the temperature difference between SH and NH part

of Indian basin (TSH is 0-30°S, 40-100°E and TSH is 0-30°N, 40-100°E). Then we choose

the winters with largest and smallest △T (△T larger and smaller than 1 (2) standard de-

viations for ERA-Interim (last millennium simulations)) and take their differences of sea

level pressure and upper level zonal wind velocity (Figures 4.1, 4.2, 4.3, 4.4). It is known

that ENSO has prominent influences on extratropical circulation (e.g. Horel and Wallace,

1981; Wallace and Gutzler, 1981). But meanwhile, it also influences the Indian Ocean si-

multaneously. To remove the influences of ENSO, we should only composite years with

neutral phase of ENSO. Therefore, we only choose years with absolute values of normal-

ized Niño3.4 index smaller than 1(0.1) for ERA-Interim (last millennium simulations) in

our composites. In Figures 4.1, 4.2, 4.3, 4.4, it can be seen that in both the reanalysis and

last millennium simulations, Aleutian Low is deepened and the subtropical jet over north-

eastern Pacific is intensified when △T is larger. The results clearly illustrate the potential

linkage of Indian subcontinent surface temperature and thus South Asian winter monsoon

and northeastern Pacific climate.

The potential influences of monsoons to remote climates have been studied using Pa-

leoclimate Model Intercomparison Project Phase 2 (PMIP2) models, in which Chiang

and Fang (2010) found notable differences in wintertime northeastern Pacific sea-level

pressure and Pacific jet-stream intensity in mid-Holocene simulations. Compared with

present-day simulations, Chiang and Fang (2010) found that the Aleutian low was deep-
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ened, the subtropical jet stream intensified near the northeastern Pacific, transient eddy

activity reduced in the main storm-track region, and colder SST found from the north-

western to central Pacific. The differences in the mean climatic states were attributed by

the authors to a stronger seasonality, which is due to different insolation caused by pre-

cessional forcing. In association with a stronger seasonality, the monsoon intensity in

the mid-Holocene was stronger than in the present day and the tropical rainfall was also

changed. The results thus shared the same mechanism as that in the current study.

In the current study, we provide an example of how a comprehensive earth system

model responds to an interhemispheric thermal asymmetry in the boreal winter season.

The results from such a model can be compared to those from models of intermediate

complexity because the adjustment to the forcing in the current study was accomplished

through South Asian winter monsoon circulation. The zonal connection of the tropical

Indian Ocean and Pacific Ocean is essential in inducing climatic modifications over the

northeastern Pacific and North America. The dynamical mechanisms of this connection

warrant further research. The results also imply a climatic hotspot in the South Asian

regions. Because it involves an immense land mass facing the Indian Ocean and located

at rather low latitude, modifications of land-surface conditions in South Asia can have the

potential to affect remote regions.
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4.2 Memory effects of soil moisture anomalies

It is known that soil moisture anomalies possess the memory effect, through propa-

gating the anomalies into deeper soil layer or land subsurface. The high soil moisture

anomalies we observed in the experiment thus come from not only wintertime irrigation

but also the enormous amount of irrigation applied in the post-monsoon season. To sepa-

rate the effects of irrigation in wintertime and prior-to-winter season, we also conduct an

additional experiment in which we only apply irrigation at low latitudes (0-40°N) in the

wintertime (DJFM). It turned out that in the winter-irrigation-only simulation (hereafter

IrrDJFM), the cooling over Indian subcontinent is not that spread (cf. Figures 4.5 and

3.4e). However, there is still eastward shift of tropical rainfall in tropical Indian Ocean

and drying north to Australia presented (cf. Figures 4.6 and 3.7). And we can still see most

of the remote impacts presented in the IRR-CTR comparison, but with smaller amplitudes.

These include deepened Aleutian low, intensified subtropical jet over northeastern Pacific

and warming western North America (Figures 4.7, 4.8, 4.9).

How does the influence of the smaller perturbation make its way to the northeastern

Pacific? Some literature have shown that northeastern Pacific is susceptible to forcing

from certain regions. In works of Simmons et al. (1983), they found forcing from South-

east Asia being an effective source exciting the PNA-like pattern and in Molteni et al.

(2015), positive precipitation anomalies over tropical western Indian Ocean were shown
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to have contribution to the positive PNA-like pattern, too (see Chapter 5.2.3 for detail). In

the current study, the two are both presented as forcing; it is therefore a possible reason

why the teleconnection pattern is sensitive despite the seemingly weak local perturbation

over South Asia and it thus lend us confidence that the results in current study are con-

sistent with previous studies in terms of the cross basin impacts of Indian Ocean to the

Pacific.

4.3 Teleconnection without tropical influences

As both upper level convergence over Southeast Asia and tropical influence are con-

structive for positive PNA-like pattern, it is interesting to clarify their respective contri-

butions. We would like to know whether the remote response still exists if only South

Asian local forcing (i.e., upper level convergence) is considered. Two ways of analyses

are utilized to rule out the influence from long-term SST fluctuations.

First, we subjectively choose years from IRR with their SST over 30°-45°N, 150°E-

150°W, where the Pacific Decadal Oscillation (PDO) pattern is prominent (see Chapter

5.2.3), being as close as possible to that of CTR simulation to have composite analysis.

The 66th, 67th, 76th, 81th, 96th and 100th years are the chosen members. The mean SST of

the selected members over the selected region is 285.879 K, and in CTR it is 285.877 K.

The composite SST difference is shown in Figure 4.10, and the SST dipole pattern over
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mid-latitude in Pacific Ocean is largely eliminated. The effects of PDO SST pattern on

atmosphere are thus eliminated. Figure 4.11 shows at 500 hPa lower geopotential height

in the vicinity of Aleutian islands and ridging over continental North America. And the

warming tendency over North America is prominent (Figure 4.12).

On the other hand, we also conduct additional experiments in AGCM (i.e., the SST

in the simulations is fixed) with all other model setup being the same as in CTR and

IRR. This set of simulation, denoted IrrAGCM and CtrAGCM hereafter, still possesses

the teleconnection pattern. There is still spread cooling over Indian subcontinent (Figure

4.13). The upper level convergence over South Asia is located more westward compared

with Figure 3.5e and Figure 5 in Simmons et al. (1983) (Figure 4.14); however, as the

model complexities as well as configurations in Simmons et al. (1983) and the current

work are quite different, it is still qualitatively possible that the upper level convergence

associated with local surface cooling is able to induce PNA teleconnection pattern. As for

the remote impact, inspecting from 500-hPa geopotential height, the positive PNA pattern

is still clear, and the warming anomalies over North America are significant (Figures 4.15

and 4.16). In these experiments, the SSTs are fixed so that the tropical influences via SST

are not possible to affect extratropical circulation. Through this series of analysis and

experiments, we demonstrate that even without long-term SST fluctuations, the forcing

from South Asian irrigation can still induce the PNA teleconnection pattern with a smaller

amplitude.
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Chapter 5

Conclusion

5.1 Summary

In this study, we addressed the critical effect of agricultural irrigation in Asian low

latitudes on the winter climate. The control simulation, which did not consider irrigation,

underestimates the latent heat flux over the intensively irrigated region of the IGP; by

contrast, increased low cloud cover in the IRR simulation spread the original evaporative

cooling (from excess ET) to the Indian subcontinent scale. The cooling over the Indian

subcontinent makes a larger land–sea thermal contrast between the tropical Indian Ocean

and the Indian subcontinent. The low-level northeasterly wind strengthens approximately

5% over the Indian subcontinent and west Arabian Sea. The Hadley circulation transports

angular momentum from the tropical region to the subtropical region, thus affecting the

intensity of the subtropical jet. Previous theoretical studies have shown that the meridional
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shift of the tropical rain belt influences the Hadley circulation and the strength of the sub-

tropical jet (Held and Hou, 1980; Lindzen and Hou, 1988; Hou and Lindzen, 1992). Based

on state-of-the-art earth-system-model simulations, this study shows that the wintertime

wet soil-moisture anomalies induced by irrigation at low latitudes is likely to enhance the

zonal mean atmospheric circulation in a cross-basin manner and affect wintertime storm

tracking in the northeastern Pacific because of the hemispheric asymmetric distribution of

the irrigation applied. The tropical–extratropical climatic interaction is established with

the intensified, zonal mean Hadley circulation. The upper-level jet stream system is mod-

ified in the NH, and the Aleutian low is deepened and shifts eastward. The anthropogenic

perturbation of climates is highly dynamic with time evolution, geographical distribution,

and even cultural backgrounds. Therefore, to generate a climate simulation that is more

realistic (particularly for future climate projections), it is crucial to understand in detail

the South Asian land use and management such as the irrigation discussed in this study.

5.2 Future works

This study raises several questions that worth further query, including meteorological

and climatic issues; they are also among different spatial and time scales. The followings

are some examples.
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5.2.1 Influences of moisture supply from irrigation to fog formation

The winter fog in northeastern Pakistan and India is an important environmental phe-

nomenon. The fog causes extensive economic and public health damages (Hameed et al.,

2000). During foggy days, the visibility decreased from larger than 10000 meters to

smaller than 200 meters (Yasmeen et al., 2012). Fog frequency has been increased in

the past few decades, and it has been associated with the large amount of aerosol emission

from biomass burning in surrounding regions (Gautam et al., 2007; Gautam, 2014). High

aerosol loads are important for formation of fog events and can enhance the fog duration

and intensity but only under certain meteorological condition. Some specific meteorologi-

cal conditions favourable for fog formation have been identified, and temperature, relative

humidity, wind speed and elevation are found relevant to fog formation (Saraf et al., 2011).

The aerosol impacts have already received some attention, but it is also needed to know

if the change of moisture content interacts with the already-known increases of aerosol

loading. As the irrigation can largely modify the near-surface air humidity, it thus also

influences the phenomenon and needed to be studied.

Following the methodology of previous studies, satellite data and local meteorological

observation should be used to study some of the major events. Information of irrigation

applied near the fog events will also be needed to clarify their relation. Also, how does

irrigation pattern change during the past few decades, and in what extent has it changed
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the near-surface condition? These questions are also important to explore. Predicting fog

events is not simple given the limitation of operational model. However, if the anthro-

pogenic water management in reality also contributes to the phenomenon, then the evalu-

ation would be useful for operation fog prediction. Finally, given all the factors relevant

to fog is considered, its long-term trend can thus also be studied.

5.2.2 Irrigation inWestAsia impacts to glacier status inTibetanPlateau

and surroundings

The glaciers in Tibetan Plateau and its surrounding regions are important as they are at

the headwaters of many rivers. It is found that the glacier status is associated with atmo-

spheric circulation patterns and in different regions the glaciers are having different trends.

In the Himalayas, glaciers are generally experiencing retreat but in eastern Pamir it is re-

ported the glacier might have been advancing recently (Yao et al., 2012). The differences

came from the different types of precipitation the glaciers in different regions received. In

Yao et al. (2012), they attributed the increase of precipitation in eastern Pamir to the inten-

sification of westerlies in wintertime, and retreat of Himalaya glaciers to the weakening of

summer monsoon. However, much irrigation is also applied in West Asia as groundwater

depletion can already be observed from satellite (see Voss et al., 2013, for example), and

west Asia is on the track of the westerlies bringing moisture to the eastern Pamir region.
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On the other hand, in addition to eastern Pamir region, western Himalayas also receive

precipitation in winter. The Western Disturbances (WDs) are also related to westerly jet

stream and they move eastward from Mediterranean Sea bringing moisture to Pakistan

and Northern India. Previous study has noticed the possibilities of irrigation to modify

high level atmospheric circulation and weaken the jet strength (Lee et al., 2011a). Does

the human activities on the pathways ofWDs affect moisture supply and even jet strength?

In addition, does the irrigation at West Asia leave its fingerprint on local hydroclimate as

we found in the South Asia? These are also important questions to answer.

5.2.3 Cross basin influences of Indian Ocean

In addition to the mid-Holocene experiment, there are also studies focusing on cross

basin influences of tropical Indian Ocean during boreal winter. For example, SST and

precipitation anomalies in the tropical Indian Ocean exhibit prominent interdecadal fluc-

tuations and are found to play a role in the interdecadal climate variability over the North

Pacific during boreal winter (Cole, 2000; Deser et al., 2004). It is also found that having

more realistic precipitation in model over tropical Indian Ocean is important for simulat-

ing the phase change of Pacific Decadal Oscillation (PDO) in 1970s (Deser and Phillips,

2006). PDO, defined as the leading EOF of monthly SST anomalies over the North Pa-

cific (Mantua et al., 1997), is a coupled ocean-atmosphere climate variability of decadal

time scale (Figure 5.1) and the Aleutian low is observed to fluctuate with its variations
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(Deser et al., 2004). Using AGCM as tools, previous studies have tested the impacts of

Indian Ocean SST anomalies on NH circulation. It was pointed out that while positive SST

anomalies over Pacific Ocean during El Niño have the effect of lower the Pacific-North

American (PNA) region geopotential height, i.e., deepen the Aleutian low, the contribu-

tion from tropical Indian Ocean has the opposite sign to that of Pacific Ocean (Barsugli

and Sardeshmukh, 2002; Annamalai et al., 2005, 2007). However, recently in Molteni

et al. (2015), they found that as in west Pacific and most of Indian Ocean the SST does not

correlate well with precipitation anomalies, the teleconnection relation should be evalu-

ated using precipitation instead of SST anomalies. They separated the Indian Ocean into

the western and central Indian Ocean (WCIO) and the eastern Indian Ocean to the western

edge of the Pacific (EIWP) and found that the teleconnections between Indo-Pacific pre-

cipitation anomalies and North Pacific 500-hPa geopotential height is a tri-polar structure

with two positively correlated centers in WCIO and central Pacific, and the third one in

EIWP, being anti-correlated with the other two.

In the current study, the results match the conclusions of Molteni et al. (2015) that

we found positive PNA-like pattern with negative precipitation anomalies north to Aus-

tralia and positive anomalies over tropical western Indian Ocean. However, what is the

dynamical mechanism of this cross basin connection? Previous studies used exclusively

most AGCM to study this issue, but Indian Ocean is subject to seasonal transition of wind

direction and having monsoonal ocean current following the direction of monsoon flow.
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Is the feedback of Indian Ocean to the atmosphere playing a role in the zonal climatic con-

nection? Is it via the ocean or the atmosphere? The answers to these questions are of great

importance and have their implication not only in the intraseasonal but also interdecadal

time scale, as the PDO is thought to some extent being forced from tropical ocean. Using

comprehensive coupled models, we will be able to investigate the problem more clearly

and more directly.
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Tables

Table 2.1: Model setup
Case Irrigation
CTR No
IRR Yes, climatological irrigation; the amount is 1991-2000 mean

Table 3.1: Simulated results averaged over IGP for different runs. Numbers in brackets
are averaged over all India (0-40°N, 60-100°E)

CTR IRR IRR-CTR

Top 10 cm soil water (kg/m²)
21.01

(20.34)

23.88

(21.56)

2.87

(1.22)

Latent heat (W/m²)
25.92

(46.53)

37.74

(50.67)

11.82

(4.14)

Low cloud cover (fraction)
2.46%

(10.27%)

3.26%

(12.00%)

0.80%

(1.73%)

Surface downwelling solar radiation (W/m²)
223.49

(213.53)

220.98

(210.46)

-2.51

(-3.07)

Reference height temperature (K)
285.79

(284.52)

284.82

(283.96)

-0.97

(-0.56)
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Figures

Figure 2.1: Hydrology processes simulated in CLM4. Taken from CLM4 tech note (Ole-
son et al., 2010).
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Figure 2.2: Global annual mean irrigation added in the simulation (mm/year)
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Figure 3.1: (a) January-March mean irrigation amount (mm/month). The location of IGP
is also shown. (b) Climatological means of AVHRR and FLUXNET based ET, irriga-
tion amount and PET averaged over IGP (mm/month). (c) Simulated IGP mean ET from
CESM compared with the two observation products (W/m²).
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Figure 3.2: The water cycle. Taken from UNEP (2008)

Figure 3.3: CESM temperature bias in JFM compared with CRU record (K)
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Figure 3.4: IRR-CTR (a) 10cm soil water (kg/m²) (b) latent heat flux (W/m²) (c) low cloud
cover (d) surface downwelling shortwave flux (W/m²) and (e) reference height temperature
(K). (dotted: p<0.1)
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Figure 3.5: IRR-CTR (a) 925-hPa and (b) 200-hPa geopotential height (shading, m) and
wind (vector, m/s) (c) 40E-90E mean vertical velocity (10-3 Pa/s) (d) Schematic diagram
showing the process of which irrigation causes monsoon changes (e) IRR-CTR 200-hPa
velocity potential (105 m²/s) (dotted: p<0.1 for a, b, and e)
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Figure 3.6: (a) zonal mean meridional stream function (shading: IRR-CTR, 109kg/s; con-
tour: CTR, CI: 0.2×1011kg/s, positive (negative) values are in solid (dashed) lines) (b)
IRR-CTR 200-hPa zonal wind (m/s) (c) IRR-CTR sea level pressure (Pa) (dotted: p <0.1
for b and c)
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Figure 3.7: IRR-CTR total precipitation rate (mm/day) (dotted: p <0.1)

Figure 3.8: IRR-CTR (red) and CTR (black) zonal mean precipitation (mm/day)
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Figure 3.9: Differences (IRR-CTR) in (a) 500-hPa geopotential height (m); (b) reference
height temperature over North America (K) (dotted: p < 0.1).
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Figure 4.1: Composite 200-hPa zonal wind difference (ERA-Interim reanalysis) (m/s)

Figure 4.2: Composite 200-hPa zonal wind difference (Last Millennium simulation) (m/
s)
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Figure 4.3: Composite sea level pressure difference (ERA-Interim reanalysis) (Pa)

Figure 4.4: Composite sea level pressure difference (Last Millennium simulation) (Pa)
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Figure 4.5: IrrDJFM-CTR reference height temperature (K) (dotted: p<0.1)

Figure 4.6: IrrDJFM-CTR total precipitation rate (mm/day) (dotted: p <0.1)

53



Figure 4.7: IrrDJFM-CTR 200-hPa zonal wind (m/s) (dotted: p <0.1)

Figure 4.8: IrrDJFM-CTR sea level pressure (Pa) (dotted: p <0.1)
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Figure 4.9: Differences (IrrDJFM-CTR) in reference height temperature over NorthAmer-
ica (K) (dotted: p < 0.1).

Figure 4.10: Differences (composite members-CTR) in SST globally (K).
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Figure 4.11: Differences (composite members-CTR) in 500-hPa geopotential height (m).
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Figure 4.12: Differences (composite members-CTR) in reference height temperature(K).

Figure 4.13: Differences (IrrAGCM-CtrAGCM) in reference height temperature over
South Asia (K) (dotted: p < 0.1).
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Figure 4.14: Differences (IrrAGCM-CtrAGCM) in 200-hPa velocity potential (105 m²/s)
(dotted: p<0.1)
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Figure 4.15: Differences (IrrAGCM-CtrAGCM) in 500-hPa geopotential height (m) (dot-
ted: p < 0.1).

59



Figure 4.16: Differences (IrrAGCM-CtrAGCM) in reference height temperature over
North America (K) (dotted: p < 0.1).

Figure 5.1: PDO pattern. Taken from Deser et al. (2010)
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