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Abstract: Mountains and plateaus in Southwest 
China contain many subalpine and alpine wetlands, 
with significant hydroecological functions. But 
ungauged or poorly gauged conditions limit the study 
and understanding of hydrological regimes of these 
wetland types. This study selects an ungauged 
subalpine wetland – Napahai in Northwest Yunnan, 
China – as a case for developing a practical approach 
to revealing its storage-area relationship of open 
water. A Trimble R8 GNSS (Global Navigation 
Satellites Systems) RTK (Real-time Kinematic system) 
and sonar fathometer were used to survey fine-
resolution elevation data and generate a digital 
elevation model of the Napahai Wetland. Forty-four 
Landsat images from 1987 to 2011 were collected, and 
the Normalized Difference Water Index was used to 
classify open water features in the area. The area of 
open water in Napahai was calculated for each phase. 
With these data and a developed conceptual model, 
the storage of open water for each phase was 
estimated using ArcGIS tools. Both storage and area 
of open water showed significant intra-annual and 
inter-annual variations. In the rainy season, the 
monthly change of average storage of open water in 
Napahai showed about 1–2 months lag behind mean 
monthly rainfall. The storage-area relationship of 
open water was well fit by a power function equation 
(R2≈0.91, n=44). This study indicates that if detailed 

elevations are available for similarly ungauged 
subalpine wetlands in Southwest China, researchers 
can use this practical approach to estimate multi-
temporal areas and storages and reveal the storage-
area relationship of open water in the wetlands. The 
study provided valuable information of this case 
wetland for optimizing its hydro-ecological 
managements and a new method to wetland 
researchers and managers for the hydrological study 
of similarly ungauged wetland complex. 
 
Keywords: Water storage; Ungauged wetland; 
Napahai Wetland; Normalized Difference Water 
Index 

Introduction 

Wetlands are characterized by temporal 
fluctuations of water levels, and hydrology controls 
or affects chemical and biological processes (Deng 
2007; Hollis and Thompson 1998; Krasnostein and 
Oldham 2004). As hydrological response units in a 
catchment, wetlands have an important regulation 
capacity of hydrology (Mitsch and Gosselink 2007; 
Huang et al. 2011b). Describing wetland hydrology 
is very important for understanding how wetland 
systems function and change (Bradley 2002; Burt 
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et al. 2002). 
The mountains and plateaus in Southwest 

China contain many subalpine and alpine wetlands 
with a variety of ecological functions, e.g., 
conserving upstream soil and water, maintaining 
rich biodiversity, and regulating floodwater 
capacity (Bai 2008; Gujja et al. 2003). Because of 
human-induced disturbances and climate change, 
some subalpine or alpine wetlands have 
experienced substantial hydrological and ecological 
changes over the past several decades (Wang et al. 
2001; Wang et al. 2008; Wang et al. 2011). For 
example, the area of alpine wetland on the 
Qinghai–Tibetan Plateau has decreased more than 
10% since the 1960s (Zhang et al. 2011). Most of 
these wetland types are traditionally ungauged or 
poorly gauged, which limit their hydrological study. 

Wetlands have different and more complicated 
hydro-regime than rivers and lakes in runoff 
patterns (Krasnostein and Oldham 2004). 
Ordinary hydrological monitoring such as water 
level and flow velocity are widely used for long 
term hydrologic monitoring; however, these 
methods are labor-intensive for a wetland complex 
like Napahai where there are numerous 
geographically isolated depressions containing 
water when the water is very low. Scientists often 
chose area (A) and storage (V) of open water for 
their estimation and modeling (Frappart et al. 
2010). A can be used to depict the flooding 
situations and wetland dynamics, while V can be 
used to explore wetland water balance. Remote 
sensing (RS) technologies are often used to 
estimate A, for example, the Normalized Difference 
Water Index (NDWI) was developed to classify and 
map regional open water using RS (remote sensing) 
images (Huang et al. 2011b; Ji et al. 2009; 
Mcfeeters 1996; Xu 2006). Zhang et al. (2006) 
used satellite altimetry data to derive the water 
level of Lake Dongting and calculated its water 
storage with other ground-measured data. Huang 
et al. (2011b) modeled the floodwater mitigation 
potential (maximum storage) of the Prairie Pothole 
Region (PPR) wetlands of North America, using 
Light Detection And Ranging (LIDAR) and other 
field-surveyed data. 

For the topographic depression wetland with a 
horizontal water surface, its storage (V) and area (A) 
can be estimated from predetermined A–h and V–
h relations by measuring the depth (h) of open 

water at the deepest point in the depression. In the 
study of 27 small natural depressions in PPR of 
North America, Hayashi and van der Kamp (2000) 
found A–h and V–h relations can be expressed as 
power functions and proposed a simplified V–h 
and A–h estimation method by using two 
morphological parameters of each depression. It 
provides a practical and time-saving approach to 
investigate the storage and area of open water for 
similar topographic depression wetlands (Minke 
2009; Minke et al. 2010). Wiens (2001) and 
Gleason et al. (2007) also found strong statistical 
V–A relationships for the PPR depression and 
proposed a power function to depict the V–A 
relationship, which assists in the estimation of the 
storage of open water for similar topographic 
depressions. These two methods are based on the 
statistical A–h, V–h or V–A relations of individual 
topographic depressions. If examining a wetland 
with a vast number of depressions, the situation is 
more complicated due to the “fill and spill” 
mechanism (Huang et al. 2011b). In the PPR 
wetlands study, Huang et al. (2011b) established a 
model to calculate the floodwater storage (potential) 
at a landscape level. 

In the hydrological study of wetlands, inter-
annual and intra-annual dynamic of water storage 
capacity are often required for ecological service 
studies such as waterfowl and nutrition 
management. If the V–A relationship is known, the 
water storage can be obtained by monitoring 
temporal change of A. The objective of this paper 
was to investigate the V–A relationship for a 
selected Napahai Wetland, a representative 
subalpine wetland in Southwest China. To do this, 
we surveyed fine-resolution DEM of the wetland 
complex, then we used Landsat images to depict 
temporal open water area (A), subsequently we 
estimated the water volume (V) by combining DEM 
and water area, and finally we examined the V–A 
relationships. We expect this study results can help 
local government and the managers of Napahai 
reserve to optimize the conservation of the wetland 
habitats and prevent the surrounding villages from 
the potential wetland floods.  

1     Study Area 

The Napahai Wetland (99°37'–99°43'E, 27°49' 
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–27°55'N) is in the Hengduan Mountains of 
Southwest China (Figure 1). The area of the 
Napahai Wetland encompassed by the red line is 
about 31 km2. Its elevation ranges from 3261 to 
3284 m. Surface and underground runoff in the 
catchment converge on and form the wetland, and 
underground karst rivers to its north are major 
outlets. Wetland features in Napahai can be 
classified as open waters, streams and channels, 
wet meadows, marshes, and others. The Nahapai 
Wetland was designated as one of International 
Importance in February 2004 on the Ramsar list of 
Wetlands for the conservation of rare and 
endangered waterfowls (such as the Black-necked 
Crane and Black Stork) and their habitats 
(http://www.ramsar.org/doc/sitelist.doc).  

A southwest monsoon climate, converging 
inflow, and underground outflow largely determine 
spatiotemporal variation of the hydrological regime 
in Napahai Wetland, which drives both seasonal 
and annual ecological dynamics of the wetland. 
Wetland degradation over the past several decades 
has been substantial (Hu et al. 2010, 2011, 2012; Li 
et al. 2010; Xiao et al. 2006; Zhang et al. 2007). 
Human-induced hydrologic change was one of the 
major culprits of this degradation. Furthermore, 
abundant precipitation in the catchment during the 
rainy season sometimes caused severe inundation. 
For example, open water areas on 25 August and 10 
September 2002 (Table 1) covered approximately 
85% and 91% of the wetland, respectively. 

2    Data Collection and Processing 

2.1 Landsat image data 

Forty-four Landsat TM/ETM+ images from 
1987 to 2011 were collected for classifying open 
water features and calculating their areas in the 
Napahai Wetland (Table 1). Due to frequent cloud 
covering from May to October, only a few images of 
good quality were available for this time period. 
Considering the significant fluctuation of area and 
storage of open water in the area, we sorted 3–5 
images for each month in rainy season. 
Furthermore, to capture monthly dynamics of the 
open water, we also tried to sort images by month 
in a year; e.g., 10 images in 2002 (Table 1). 

We first geo-referenced (WGS-84, Universal 
Transverse Mercator (UTM) Zone 47N) all Landsat 
images, then we conducted radiometric calibration 
as described by Chander et al. (2009). Using the 
NDWI proposed by Ji et al. (2009), we calculated 
forty-four phases of the Napahai Wetland’s NDWI 
with the images. Because the NDWI is sensitive to 
open water, via threshold setting, we classified open 
water features and calculated their areas. We 
ignored rivers and canals, because widths of these 
features (<10 m) are less than the ground resolution 
of a Landsat image pixel (30 m). Each phase of 
NDWI-derived area of open water is listed in Table 1, 
followed by the corresponding Landsat image. 

 
Figure 1 Location of Napahai Wetland and catchment, China. Lower left panel shows areas of open water (black) 
in the wetland, in mid-May 1997 (dry season) and late August 2002 (rainy season). 
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2.2 Surveyed fine-resolution elevation 
data 

Currently DEM data generated from 
topographic map with scale 1: 50,000 cannot meet 
the modeling demands in this study for their rough 
characterization of the floodplain in the mountains. 
The Advanced Space-borne Thermal Emission and 
Reflection Global DEM (ASTER GDEM) data are 
also not feasible because the topography under the 
water is not revealed. We used a Trimble R8 GNSS 
RTK system to survey elevations of bare-earth 
regions and shallow open waters (accessible via 
walking). For deep open water inaccessible to 
walking, we first measured surface elevations at 
multiple marginal points of those waters. Then, we 
boated to measure water depth at multiple points 
within the waters with a sonar fathometer. Finally, 
we calculated the bathymetry of multiple bottom 
points within the deep open waters. Rivers and 
canals were ignored in the bathymetric survey, 
because they cannot be classified by the NDWI with 
Landsat images due to low image resolution (30 m). 

The field elevation survey was carried out in 
the dry season of 2011–2012, when a large 
percentage of the wetland had bare earth or was 
accessible to walking; the area covered by deep 
water in the wetland was small. We obtained 
elevations at 6,512 points (over 200 points per 
square kilometer), well distributed within the 
wetland. We generated the Napahai DEM using the 
surveyed elevation data and ArcGIS-Triangular 
Irregular Networks (TIN) model. 

3    Methodology 

3.1 Conceptual model 

We first conceptualized the Napahai Wetland 
as a large topographic depression containing a 
series of smaller depressions of different 
morphologies (Figure 2). We named the small 
topographical depressions "ponds". We assumed 
that open water in each pond had a horizontal 
water surface. Altitude at any marginal point (e.g., 

Table 1 Landsat-derived area (km2) and storage (104 m3) of open waters in Napahai Wetland, China 

ID Time phase Sensor Area Storage ID Time phase Sensor Area Storage 
1 1987-02-13 TM 3.061 164.85 23 2001-03-15 ETM+ 1.394 31.53 
2 1990-05-12 TM 1.521 73.65 24 2001-04-16 ETM+ 2.407 103.55 
3 1990-06-13 TM 3.190 157.04 25 2002-01-13 ETM+ 2.155 112.88 
4 1992-06-02 TM 2.324 74.91 26 2002-10-12 ETM+ 20.897 1972.87 
5 1992-08-05 TM 7.178 352.23 27 2002-10-28 ETM+ 16.862 1124.48 
6 19 94- 1 1 - 15 TM 1.224 17.01 28 2002-11-29 ETM+ 3.491 210.93 
7 1996-02-15 TM 4.470 211.15 29 2002-12-31 ETM+ 4.043 271.61 
8 1997-05-15 TM 0.622 4.28 30 2002-03-02 ETM+ 2.238 63.5 
9 1997-09-20 TM 11.079 425.15 31 2002-05-05 ETM+ 1.961 113.4 
10 1998-01-10 TM 3.079 39.94 32 2002-07-16 ETM+ 7.788 444.79 
11 1998-09-07 TM 16.325 1052.96 33 2002-08-25 ETM+ 26.458 2655 
12 1999-11-21 TM 2.975 137.81 34 2002-09-10 ETM+ 28.481 4336.83 
13 1999-12-07 TM 2.482 72.34 35 2003-11-24 TM 1.170 52.85 
14 1999-08-01 ETM+ 6.799 463.85 36 2003-06-01 ETM+ 1.230 58.15 
15 2000-10-06 ETM+ 9.681 342.11 37 2004-11-26 TM 2.611 142.3 
16 2000-10-22 ETM+ 4.739 368.42 38 2004-07-05 TM 3.283 70.94 
17 2000-11-07 ETM+ 3.619 194.08 39 2005-11-13 TM 2.533 113.31 
18 2000-12-25 ETM+ 3.406 117.07 40 2005-09-10 TM 10.905 440.9 
19 2000-04-13 ETM+ 4.314 220.37 41 2006-07-27 TM 3.738 159.55 
20 2000-09-20 ETM+ 17.150 943.63 42 2009-07-19 TM 4.807 287.79 
21 2001-11-10 ETM+ 2.447 146.04 43 2010-08-07 TM 19.470 1691.95 
22 2001-12-12 ETM+ 2.391 76.18 44 2011-08-10 TM 7.141 491.72 

Data sources: Center for Earth Observation and Digital Earth of Chinese Academy of Sciences (CAS); USGS 
inventory of imagery (http://glovis.usgs.gov) 
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A, B, C in Figure 2a) of the open water patch can 
characterize altitude of the open water surface in 
the corresponding pond (P1, P2, P3 in Figure 2a). If 
a fine-resolution DEM of a region is available, we 
could extract the altitude at any marginal point of 
the open water patch of each pond (Pj in Figure 2a), 
i.e., the altitude of the open water surface of the 
corresponding pond. With this altitude and the 
fine-resolution DEM of each pond, the depth (

jPh ) 
of open water at the deepest point of each pond can 
be calculated. For open water of any pond at time i 
(e.g., Pj in Figure 2b), its dynamics of spatial 
distribution and area ( i

Pj
A ) can be classified and 

calculated using the RS image and NDWI. At time i 
(Figure 2b), the area ( iA ) of open water in the 
wetland is the sum of i

Pj
A . 

As mentioned above, if we obtained the fine-
resolution DEM of the wetland, depth ( i

Pj
h ) at the 

deepest point and the area ( i
Pj

A ) of open water in 
each wetland pond (Pj) at time i, the storage ( i

Pj
V ) 

of open water in each pond in the wetland could be 
calculated (Hayashi and van der Kamp, 2000), and 
the total storage ( iV ) of open water - the sum of 

i
Pj

V could also be calculated at the same time. 
Earlier datasets state that the fine-resolution 
Napahai DEM was generated through detailed field 
GNSS RTK surveys. Forty-four phases of open 
water features in the Napahai Wetland were 
classified using the NDWI. The only requirement 
was to acquire accurate altitudes of the open water 
surface of each pond. 

3.2 Extracting altitude of open water 
surface in ponds 
We assumed that a pond has horizontal water 

surface, which means that the water surface 
altitude at any point in the pond can represent the 
water surface altitude of the open water patch of 
the pond. That is to say, we can survey the water 
surface elevation at any point within the open 
water patch or along its edge. Usually, a point 
along the edge of the open water feature was 
preferred, because of its easy accessibility. As 
shown in Figure 3a, the altitude at any point from 
‘E’ to ‘O’ along the edge can be surveyed and 
assigned to the altitude of this open water surface. 

We classified forty-four phases of open water 
features in the Napahai Wetland. Each phase was 
individually overlaid with the Napahai DEM in 
ArcGIS (Figure 3b). Steps for each phase: 1) We 
first generated all vertices (points) of each open 
water patch using the ArcGIS tool "Feature Vertices 
to Points"; 2) then, we gained altitude values of all 
vertices (points) from the DEM using the ArcGIS 
tool "Extract Value to Points."  

According to assumption, the altitude at any 
vertex of a specified open water patch can be 
assigned as the water surface altitude of that 
feature. But the generated Napahai DEM via the 
GNSS survey and ground resolution of Landsat 
images can cause certain errors as assigning the 
altitude of any vertex to its corresponding open 
water patch. To mitigate this effect, we averaged

Figure 2 Conceptual model for calculating storage (V) of open water in depressions of Napahai. a) conceptualized 
Napahai Wetland containing different sizes of depressions (Pj). b) and c) hydrologic status at times i and (i+1) 
along transects P2 and Pj, respectively. 
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Figure 3 Extracted altitudes of open water surfaces. a) open water patch and marginal points along its outer and 
inner edges; b) One phase of open water features classified and digitized from Landsat image, using NDWI 
overlaid on Napahai DEM; c) section containing open water features cut from Figure 3b; d) the same as panel c, 
but showing vertices along edges of digitized open water features. Open water patch in panel a can be 
conceptualized as central largest digitized open water feature in panels c and d. 
 

 
Figure 4 Change in areas of open water in Napahai, China from November 2001 to December 2002 
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altitudes of these vertices (red points in Figure 3a) 
and assigned the averages to the water surface 
altitude of each specified open water patch. This 
method improved altitude estimation of the water 
surface of larger open water patches. 

3.3 Estimating water storage in Napahai 

According to the conceptual model in Section 
3.1 and with the data of NDWI-derived area and 
extracted surface altitude of open water in a pond, 
along with the fine-resolution Napahai DEM, we 
estimated storage of open water in the pond using 
the ArcGIS tool "TIN polygon volume." By totaling 
storage of open water in each pond for one phase, 
we obtained storage of open waters in Napahai for 
that phase. We obtained forty-four phases of water 
storage in Napahai (Table 1). 

4    Results and Discussion 

4.1 Fluctuation of hydrologic regime of 
the Napahai Wetland 

Estimated areas and storages of open water 
from forty-four Landsat images depict intra-annual 
and inter-annual fluctuations of hydrologic regimes 
of Napahai (Table 1; Figures 4 and 5). For the 
hydrologic year November 2001 to December 2002, 
Figure 4 shows that the area of open waters in 
Napahai had an obvious monthly fluctuation and 
significant variation between rainy and dry seasons. 
In the dry season, the area of open waters was 
small with slight fluctuation. In the rainy season, 
this area increased rapidly from mid-July through 
September; it declined gradually through mid-
October and then sharply through November. In 
2002, late August to mid-October was the major 
flooding period. 

Open points in Figure 5 show large inter-
annual variation in the area of open waters from 
August–October. Estimated storages of these 
waters in June and July both had less variation 
than in the following three months. Average 
storage in June nearly equaled that in May; in July, 
average storage slightly increased relative to June. 
For each month from November to the following 
May, estimated storages had low inter-annual 

variation. Comparing the solid and dashed lines in 
Figure 5, average monthly storages had 
fluctuations similar to that of monthly rainfall in 
the rainy season, but with a lag of 1–2 months. In 
the dry season, there were no obvious storage 
changes, owing to low rainfall with slight 
fluctuation. 

NDWI-derived areas of open water using 23 
images in the dry season (winter to spring) (Table 1) 
ranged from about 0.622 km2 (2.01% of wetland 
area) to 4.470 km2 (14.42%), which indicates that 
the open water area was small with slight 
fluctuation. During this dry season, the open 
waters and neighboring wetland patches (e.g., wet 
meadow, marsh, and others) deserve conservation. 
That is because these wetland features are habitats 
of rare winter waterfowl, such as the Black-necked 
Crane and Black Stork (Feng 2008; Han et al. 2009; 
He et al. 2011; Wang et al. 2009). This is the major 
reason that Napahai Wetland was listed as a 
Ramsar site. Open water features in the dry season 
can be easily classified using the NDWI method, 
which helps managers examine distribution 
patterns and dynamic changes of winter waterfowl 
habitats. 

NDWI-derived areas of open water from 21 
images in the rainy season (August–October) 
ranged from about 1.229 km2 (3.96%) to 28.481 
km2 (91.87%). Ten phases occupied over 30% of the 
wetland area. Eight of these ten phases were from 
late August to early October, which is also the 
major flooding period in Napahai. Flooding could 

 
Figure 5 Variation of regional mean monthly 
rainfall and storage of open water in Napahai, China. 
Dashed line with open triangle label is mean monthly 
rainfall within the Napahai catchment. Open points 
are estimated storage of open water for each phase. 
Solid line with cross label is monthly average storage 
of open water from estimated storage. 
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occupy over 90% of the wetland area with extreme 
catchment rainfall, as in September 2002. Figure 5 
shows that the increase in monthly average storage 
of open water in Napahai lagged monthly rainfall 
by 1–2 months in the rainy season. Extreme 
flooding in the wetland attracted greater attention 
by the local government. Hence, local rainfall 
observations from June through August is 
potentially useful information for forecasting later 
flooding scenarios, which would improve local 
hydrologic management and flood control for the 
wetland and human landscape. 

4.2 V–A relationship of open waters in 
Napahai 

We fitted the V–A relationship of open water 
in Napahai using a power function equation. Figure 
6 is a scatter plot of V–A from the fitting equation. 
It clearly shows that the V–A relationship is well fit 
by the power function equation (R2 = 0.91, n = 44). 
As Table 1 and Figure 6 show, forty-four phases of 
NDWI-derived areas of open water ranged from 
0.622 km2 (2.01%) to 28.481 km2 (91.87%), which 
covered most scenarios of areal percentage of open 
water. Hence, the V–A equation in Figure 6 can be 
used to estimate the storage of open water in 
Napahai under most scenarios, which is an easier 
way to estimate the storage of open water in 
Napahai Wetland. 

In hydrologic studies of PPR depression 
wetlands, Wiens (2001) developed an equation 
( 22.185.2 AV = ) to depict surface V–A relationships 
for wetlands smaller than 70 hectares. Gleason et al. 
(2007) derived three similar V–A equations, for 
depressions in glaciated plains ( 4742.125.0 AV = ), 

the Prairie Coteau ( 5611.1458.0 AV = ), and Missouri 
( 542.1398.0 AV = ). Comparing these fitting 
equations, we found that wetlands like Napahai or 
the PPR depressions had strong statistical 
relationships between open-water V and A. Thus, 
the V–A statistical relation of open waters can be 
fit by a power function equation. Given that this is 
a first trial, additional studies are necessary to 
determine whether the statistical V–A relationship 
is applicable to subalpine or alpine wetlands 
similar to Napahai. 

4.3 Practicality and limitation of the 
approach 

The Napahai Wetland is a representative type 
of subalpine wetland in Southwest China, in terms 
of major hydrological controlling factors – a 
monsoon and plateau climate, and converging 
inflow resulting from catchment morphology. It is 
difficult to perform detailed hydrological surveys or 
monitoring for wetlands similar to the Napahai 
Wetland. For example, in low water level periods, 
depressions with open water are scattered across 
the wetland. In such periods, it is impractical or 
unnecessary to monitor each depression. But if we 
hope to explore spatiotemporal dynamics of 
wetland hydrologic regimes as a whole, we must 
acquire information on most of the depressions. 
Hence, the method proposed here is practical for 
revealing hydrologic regimes of this type of 
ungauged wetland. This is because multi-temporal 
medium- or high-resolution RS images (SPOT, 
Landsat TM/ETM+, ENVISAT ASAR, ALOS 
PALSAR, and others) are economically available 
and widely used to classify open water features. 
Fine-resolution elevations are also technically 
available. 

Most determining and required data of this 
approach are fine-resolution elevations. Here, we 
used the GNSS RTK system to survey detailed 
elevation. If a wetland is easily accessible to 
walking during a certain period of the year and its 
area is not too large, detailed field surveys with the 
GNSS RTK system are practical and economical. 
However, they are time consuming and impractical 
for very large wetlands. LIDAR provides the 
possibility for acquiring fine-resolution elevation 
data over a large region. LIDAR has already been 
used successfully to obtain high-resolution wetland 

Figure 6 V–A relation of open water in Napahai 
Wetland, China fitted by power function equation 
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DEMs (Huang et al. 2011b; Lang and McCarty 
2009; Minke 2009; Schumann et al. 2008), 
although it is still expensive. For subalpine or 
alpine wetlands similar to Napahai, LIDAR is 
suitable for obtaining elevation in the dry season, 
when large areas of the wetland have bare earth or 
very shallow open waters. 

There are two error sources within RS image 
data. One is from the complex pixel effect. As Ji et 
al. (2009) pointed out, the effect of complex pixels, 
including water, soil and vegetation, can cause 
errors of interpretation, especially for the boundary 
of open water features. However, we expect that 
rapid development of RS detection technology will 
gradually decrease the complex pixel effect. 
Another source is pixel ground resolution of the RS 
images used. In this study, narrow-line wetland 
features (rivers and canals) of width less than 10 m 
could not be classified from Landsat images. 
Available high ground-resolution RS images can be 
used to mitigate the influences of these two error 
sources to a certain degree. Nevertheless, these 
error sources do not produce unacceptable 
deviation in the exploration of overall hydrology in 
large wetland regions. 

The availability of satellite-based, visible RS 
images in the rainy season should also be 
considered. Here, only 21 Landsat images with 
slight cloud coverage were available in this season, 
from 1987 through 2011. Inevitably, some open 
water scenarios in the Napahai Wetland were not 
evidenced through the imagery available for this 
time period. Radar can penetrate cloud and detect 
open waters (Huang et al. 2011a; Wdowinski et al. 
2008). Medium- or high-resolution synthetic 
aperture radar data, e.g., ENVISAT ASAR, ALOS 
PALSAR, provide optional RS images for solving 
the data limitation in the rainy season. 

5    Conclusions 

Through multi-temporal Landsat images and a 
detailed elevation survey in Napahai Wetland, we 
developed a practical approach for estimating 
multi-temporal areas and storages of open water in 
the Napahai Wetland at a landscape level under 
ungauged conditions. Forty-four phases of 
estimated A and V of open water clearly showed 

intra-annual and inter-annual hydrologic 
variations in the wetland. It showed extreme 
flooding could occupy over 90% of wetland area. 
The major flooding period in Napahai was from 
late August to early October. Changes of open 
water storage (and area) in rainy season lagged 
monthly rainfall by 1–2 months, which indicates 
that observed rainfall from June–August is useful 
for forecasting later flooding scenarios. The V–A 
relationship of open water was fit by a power 
function equation, with a significant result 
(R2≈0.91). The relationship can thus be used to 
estimate storage of open water in Napahai. 

This is the first trial to explore hydrological 
regimes of an ungauged subalpine wetland in 
Southwest China. Remaining issues require 
attention to improve the approach in future studies. 
As noted above, one way to do this is via 
acquisition of detailed wetland elevation data. The 
GNSS RTK, airborne LIDAR, and other newly 
developed detecting technologies can be jointly 
used to improve resolution and accuracy of wetland 
elevations. Another way is to overcome the 
limitation of RS images. High-resolution RS 
images can mitigate the effects of the two major 
errors, and radar images can somewhat overcome 
the reduced availability of visible RS images caused 
by cloud cover. Therefore, under ungauged or 
poorly gauged conditions, our approach to estimate 
multi-temporal V and A and reveal V–A 
relationships of open water in wetlands like 
Napahai at landscape level is practical and 
promising. The approach will improve hydrological 
and ecological studies of these types of wetlands, 
which are widely distributed in the mountains and 
plateaus of Southwest China. 

The results of this case study can first provide 
valuable information to local Shangri-la 
government for optimizing the hydro-ecological 
management of the Wetland, e.g. quantifying the 
hydrological regimes in rainy and dry seasons to 
conserve its restoration, taking earlier measures to 
prevent the surrounding villages from extreme 
inundation through forecasting the potential flood 
scenarios with the rainfall information monitored. 
The integrated conceptual model established in 
this study also provides a new method to wetland 
researchers and managers for the hydrological 
studies of similarly ungauged wetland complex. 
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