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Abstract: The Qaidam Basin is a sensitive climate transition zone revealing a wide spectrum of
local climates and their variability. In order to obtain an objective and quantitative expression of
local climate regions as well as avoid the challenge to pre-define the number of heterogeneous local
climates, the ISODATA cluster method is employed to achieve the fine-grained climate divisions of
the Qaidam Basin, which can heuristically alter the number of clusters based on the input of monthly
temperature and precipitation data. The fine-grained climate classification extends the traditional
Koppen climate classification and represents the complex climate transformation processes in terms of
fine-grained climate clusters. The following results are observed: (i) The Qaidam Basin is divided into
an arid desert basin area and the surrounding alpine mountainous areas. The climate distribution is
affected by both the altitude and the dryness ratio, which, employing the Budyko framework, largely
characterizes the local energy—-water fluxes at the surface and the related vegetation regimes (biomes).
The fine-grained climate classification successfully captures their causal relationships and represents
them well by the local climates: the climatic spatial differentiation in the mountainous areas is highly
consistent with the topography and reveals an elevation-dependent circular distribution from the
edges to the center of the basin; the climate heterogeneity within the basin presents a west-to-east
meridional distribution due to the combined effect of the mid-latitude westerlies and the Indian
monsoon. (ii) The climate gradients are spatially different over the Qaidam Basin. The surrounding
mountainous areas have a large climate gradient compared to the inner basin; the southern mountain
edge is governed by a more severe climate change than the north-eastern one; and the climate gradient
is larger in the eastern than in the western basin. (iii) The lake regions within the basin show an
obvious lake effect and reveal a local lake climate. Spatially, a common structure emerges with a
dryer-climate zone or watershed embedding a wetter lake-affected area, which appears to migrate
eastward becoming stepwise wetter from the very dry center to the wet eastern boundary of the
Qaidam basin. This provides a topographically induced insight of the wet climate expansion of
initially arid climates and is crucial to improve the Qaidam Basin’s ecological environment. Finally,
although this work mainly focuses on the local-scale climates and their variability in the Qaidam
Basin, the data-driven cluster methodology for climate refinement is transferable to regional- even
global-scale climate studies, which offers broad application prospects.

Keywords: Qaidam Basin; spatial differentiation of climate; fine-grained climate classification;
ISODATA cluster analysis; climate—lake relationship

1. Introduction

The global climate system has undergone unprecedented warming since the 1950s [1],
causing a series of ecological changes [2]. Particularly, the Tibetan Plateau, characterized
as ‘the amplifier” of global climate change [3], has experienced an overall rapid warming
in recent decades under the global climate change [4]. The warming trend on the Tibetan
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Plateau occurred much earlier and more intensely compared with other regions within the
same latitudinal band [5]. The Tibetan Plateau’s surface temperature has been increasing by
0.3 °C per decade from mid-1950s, which is approximately three times the global warming
rate [6-8]. Therefore, the Tibetan Plateau has become a hotspot of global climate change
research. The Qaidam Basin is one of the most susceptible regions on the Tibetan Plateau
characterized by significant warming [9,10]. The average warming rates on Qaidam Basin
are over 0.06 °C per year (p > 0.001) exceeding the other regions of the Tibetan Plateau
since the 1960s [11]. The trend of increasing precipitation in Qaidam Basin has also been
predominantly stronger than that in the hinterland of the Tibetan Plateau in the last fifty
years [12]. Therefore, the Qaidam Basin is under severe climate change and receiving more
attention in climate research.

Located in the transition zone of the Tibetan Plateau and the (semi-)arid inland regions,
the Qaidam Basin is characterized by both alpine and arid climates, which can be divided
into an arid desert area within the basin and an alpine area surrounding the basin. Both
areas are extremely fragile and ecologically sensitive. Desertification is one of the biggest
ecological challenges to the Qaidam Basin, which severely affects the protection of local
ecological environment and social-economic development. Due to the low population
density, the impacts by human activities are limited. Thus, the climatic variations (especially,
of wind, precipitation and temperature) are playing a major role in desertification [13].
Therefore, a comprehensive understanding of climate dynamics is essential to analyze
desertification to protect the local ecological environment.

To carry out the climate classification, there are many widely used and recognized
standard empirical frameworks, including the Képpen climate classification [14] and its
modifications, such as the Képpen-Geiger classification [15], the Képpen-Trewartha classi-
fication [16], the Thornthwaite climate classification [17,18], etc. The climatologists have
also conducted a lot of location-specific modifications to adapt these climate classifications
locally [19,20]. All these climate classification schemes are based on the classification rules,
which identify the climate types in terms of a preset index system and threshold values.
However, the formulated classification rules are subjective, so the classification rules easily
become controversial [21,22]. Another problem is that for a highly heterogeneous climate
region, the knowledge of local climates is insufficient, so it is difficult to make the climate
classification rules by expert experiences or knowledge. Specific to the Qaidam Basin,
studies have shown that there are significant regional climate differentiations within the
Qaidam Basin, both in terms of spatial patterns and as temporal tendencies of temperature
and precipitation [23]. However, only two main climate types are identified under the
Koppen climate classification, the dessert (Bsk) and the tundra (ET) climate, which means
the Koppen climate classification fails to further express the highly heterogeneous local
climates within the Qaidam Basin and thereby tends to ignore the analysis of inner spatial
structures [9,24]. Thus, cluster analysis becomes an alternative approach for redefining
climate classification, which can give an objective and quantitative expression of spatially
homogeneous climate regions. The cluster results are not constrained by the spatial scale of
index system, but they can capture the climate heterogeneity even at the fine spatial scale;
thus, cluster analysis has been popular in recently climate studies [22,25].

Therefore, we use the cluster approach to refine the climate classification and visualize
the spatial distribution of climate in the Qaidam Basin. By fine-grained climate classifi-
cation, we identify different local climate types in the Qaidam Basin and, mapping their
geographical extent separately, provide a better understanding the complex climate evo-
lution in the Qaidam Basin and contribute to future ecological protection and regional
development.

2. Materials and Methods
2.1. Study Area

The Qaidam Basin (88° E-99° E, 35° N-39° N) is the largest intermontane basin located
in the northeastern Tibetan Plateau (Figure 1). It is an approximately triangular, closed
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inland basin enclosed by high mountains. The northeastern, northwestern and southern
edges of the basin are surrounded by the Qilian Mountains, the Altun Mountains and the
Kunlun Mountains, respectively. The basin is the highest basin on Earth, whose interior has
an average elevation of about 2700 m above sea level and whose surrounding mountains
rise to over 5000 m. The whole area covering about 2.8 x 10* km? is dominated by the
plateau continental climate, which is dry and rainless throughout the year. The basin is
characterized by a relatively dense but uneven distribution of lakes, which occupy about
1% of the basin area [26].
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Figure 1. The geographical environment of the study area: (a) The Tibetan Plateau (in the red box) is
located on the western China and (b) the study area, the Qaidam Basin (in the red box), is located on
the northeastern Tibetan Plateau. (c) The elevation in the Qaidam Basin varies from 2654 m to 6640 m.
The rivers rise from the surrounding mountainous area, and the lakes are mainly distributed in the
inner basin.

2.2. Data

As a data-driven objective quantitative method, choosing the appropriate data to
cluster is crucial to obtain a good presentation of cluster results. For climate analysis,
temperature and precipitation data are most readily available variables [27], which show
great climatological significance for the Qaidam Basin [23]. Thus, this study uses monthly
average temperature and monthly total precipitation, covering from 1979 to 2018, from
the China Meteorological Forcing Dataset (CMFD) [28], which is a gridded near-surface
meteorological dataset with a temporal resolution of three hours and a spatial resolution
of 0.1°.

The meteorological station data are limited by the quantity and distribution of meteo-
rological stations, especially in the mountainous regions. Most of the stations in the Qaidam
Basin are located at lower altitudes [24]. This sparse and uneven net of meteorological
stations cannot provide representative information on climate variations in the whole basin,
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nor allow more detailed spatial analyses. Therefore, we adopt a gridded meteorological
dataset to build a full-coverage characterization of climate conditions in the Qaidam Basin.
CMEFD is made through the fusion of remote sensing products, reanalysis datasets and in
situ observations at meteorological stations. The performance of CMFD has been verified by
good correlations with the observed station data [26]. The validation results also show that
CMEFD is of superior quality compared with the GLDAS (Global Land Data Assimilation
System, a widely-used grid dataset), which indicates the high reliability of CMFD [26].
However, temperature and precipitation are two climatic variables whose magnitudes
span are different. In order to contribute equally in the analysis, they need to be scaled to
a similar range by a normalization transformation; otherwise, the variable with a larger
range would over-influence the results of fine-grained climate division. Here, standard

normalization is used:
Var; — Var,i,

Standard Var = ————,
Varmax — Varyin

@

Here, Var; denotes the climate variables. We also note that precipitation has a highly
skewed distribution that a great part of normalized precipitation values will be very
small. That is, the influence of precipitation on the climate differentiation is—to a large
extent—artificially diminished. Thus, the precipitation values need to be modified before
normalization to remove the influence of extreme values. That is, the top 5% of precipitation
values are all transformed to the value of 1, while the remaining 95% of precipitation
values would be transformed by the standard normalization to values ranging from 0 to
1. This modification achieves both a proper contribution of precipitation to the overall
climate differentiation and the preservation of most precipitation information [25]. Finally,
to eliminate possible jagged edges of the subsequent fine-grained climate division, we
perform the cubic convolution interpolation on the gridded data to downscale from 0.1° to
500 m.

2.3. Climatological Setting of the Qaidam Basin

The annual average temperature (T) across the Qaidam Basin varies from —15 °C
(surrounding high mountains) to 7 °C (lowland inside the basin), forming a ring of in-
creasing trends dependent on elevation (Figure 2a). Figure 2c shows the intra-annual and
interannual variation in temperature from 1979 to 2018. The annual average temperature
of the whole basin has a significantly increasing trend of 0.06 °C/year (p < 0.05). There is
strong seasonality in temperature from —17.7 °C in winter to 14.9 °C in summer, but the
climate in winter has been gradually warming in recent decades. Spatially, the area with
significant warming (p < 0.05) accounts for 93.4%. The warming rate decreased from west to
east, with an obvious spatial differentiation (Figure 2e). The temporal-spatial variations in
temperature are highly consistent with the elevation characteristics ranging from the central
basin to the high mountains surrounding the basin, as well as from the small mountainous
basin or valley to the ridge and mountain peak, showing the great influence of topography
on temperature.

Due to the arid climate, the annual total precipitation (P) is rather low and mostly
occurs from June to September, ranging spatially from 16 mm to 444 mm, with higher
values in the southeastern part compared to the lower amounts in the inner plain areas. The
spatial distribution of annual total precipitation in the Qaidam Basin forms a semi-circle
whose magnitude decreases from the southeast to the northwest, which is from the basin
edges to its center (Figure 2b). Even through the total precipitation is relatively low, it has
continued to increase in recent years (Figure 2d), exceeding a 0.05 significance on 85.7% of
the basin’s area (Figure 2f). Especially, the increasing precipitation trend in the east of the
basin, which is closer to the monsoon region, is higher than over the western part of the
basin controlled by the westerly circulation.
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Figure 2. Temperature and precipitation in the Qaidam Basin during 1979 to 2018: (a,b) spatial
distribution of time averages; (c,d) time series of spatial averages, and (e,f) spatial distribution of
per-grid annual change.

Given the above, we find large spatial differences in the local climates and in their
variations in the hydro-thermal conditions in the Qaidam Basin, influenced by both local
topography and large-scale atmospheric circulation. It confirms the necessity of fine-
grained climate clustering in the Qaidam Basin and forms a solid climatic cognitive basis
for the subsequent fine-grained climate analysis.

2.4. Method

To visualize the spatial differentiation in the long-term average climate and interannual
climate variations, we apply spatial cluster analysis to the grid values of the normalized
monthly temperature and precipitation as a natural and effective statistical method to iden-
tify homogeneous climate zones based on observed values of meteorological variables [22].
A clustering process groups grids into several clusters by the similarity of their climatic
characteristics. The whole clustering process is automatic and unsupervised without any
prior assumptions. Each cluster corresponds to a fine-grained climate type. Compared
with traditional climate classifications, which directly and quantitatively specify the cli-
mate types by classification rules, the similarity-based clustering methods can provide
internally more homogeneous and externally more distinct climate zones. It even offers the
opportunity to identify new climate types [25].

The K-means method and its various versions are widely applied clustering algorithms
applied in climate classification studies [29-31]. The method requires the number of clusters,
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K, to be specified in advance and to remain the same throughout the iterations. However, it
is hard to pre-define the optimum number of clusters, especially for fine-grained climate
studies with high variability. To overcome this problem, the ISODATA (Iterative Self-
organizing Data Analysis Technique Algorithm), an enhancement of a simple and widely
used heuristic for k-means clustering, is introduced [32]. Its significant advantage over the
k-means method is that the user need only provide an initial estimate of the number of
clusters, and then the algorithm may heuristically alter the number of clusters by additional
mechanisms to eliminate very small clusters, to split large diffuse clusters, and to merge
nearby similar clusters [33].

Denoting S = {x1,...... , Xn } as the set of samples to be clustered, the heart of the
ISODATA is still to assign each sample x; = (xj,...... ,Xiq) to its closest cluster center

zj = <z]-1, ...... , z]-d) based on the distance in the d-dimensional space, RY. For any x € S:

x €S, ifo—z]-H<Hx—z]-

, ViF] @

where Z = {zl, ...... , zk} is randomly initialized at the first iteration. For each following
iteration, the cluster centers will be recalculated and moved to the centroid of the associated
set of samples:

1 .
Z]'(_nijzxeij’ for1<j<k, 3)

where 7; is the number of the samples in S;. Then, the clusters will be assessed by the
inter-cluster distance d;; and intra-cluster distance A;:

dij < ||zi — zj

, for1<i<j<k, (4)

X —zj , for1 <j<k 5)

1
A] = n7] ZXES/

The large diffuse clusters will be split and the nearby similar clusters will be merged,
which follows the specific rules as outlined in [33]. Finally, the iteration process can
adaptively lead to a stable optimal clustering result.

Thus, we perform the ISODATA clustering on the long-term (1979-2018) normalized
monthly average temperature and precipitation (introduced in the preceding subsection)
to cluster the grids to form the fine-grained climate classification. The implementation
is realized by the ISODATA cluster tool in the ArcMap 10.2 (Esri, Redlands, CA, USA).
Koppen climate classification [14] will serve as the ground truth baseline for comparison
with our fine-grained climate classification results.

3. Results

Based on the long-term (1979-2018) climatic dataset, we obtain the Képpen climate
classification (Figure 3a) and cluster-based fine-grained climate classification (Figure 3b) in
the Qaidam Basin.

Located in the transition zone of the Tibetan Plateau and the further inland arid and
semi-arid regions, the Qaidam Basin is dominated by both an arid climate (B) and a polar
climate (E) under the Koppen climate scheme. Spatially, the central basin is covered by
a cold desert (arid) climate (BWk) while the surrounding mountains are mainly covered
by tundra climate (ET). The cold steppe (semi-arid) climate (BSk) and ice cap climate (EF)
are distributed on the eastern hilly areas of Qaidam Basin. The transition process between
different climates is characterized by spatial climate gradients. However, it cannot be
reflected well by the Képpen climate classification, as it sharply distinguishes climate types
by prior specified thresholds.
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Figure 3. Long-term (1979-2018) climate classification in the Qaidam Basin: (a) Képpen climate
classification and (b) fine-grained climate classification (proposed in this study). The black box
contains three important lake regions denoted by I, II, and III.

Defined by both of the two primary climatic variables, temperature and precipitation,
the cluster-based fine-grained climate classification provides a novel and nuanced view
of local climates and their variations. It illustrates the climate spatial heterogeneity by
the visualized form of the local climates. The shifting of the geographical boundary of
fine-grained climates corresponds to the climate change process. Thus, fine-grained climate
classification can intuitively reveal more detailed climatic facts under fine-scale clustering,
leading to new insights of local climates and their changes. The following results are noted:

(i) During the clustering, each cluster is comprehensively determined by the similarity
of all the climatic features. Thus, the clustering method is expected to provide a more
comprehensive and objective climate classification. As shown in Figure 3, the fine-grained
climate classification follows the division of the Képpen climate classification but further
reveals spatial differentiations within the single climate type given by the Képpen cli-
mate scheme. The corresponding relationship between two climate classifications can be
visualized by their distribution in the Temperature-Precipitation scatter plots (Figure 4).

Qaidam Basin’s Samples with Fine-grained Climate Classification
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Figure 4. Temperature—precipitation scatter plots for the Qaidam Basin: (a) Koppen climate classifica-
tion and (b) the fine-grained climate classification. The three lake regions are also included in this
feature diagram. The color division for both panels is based on the K&ppen climate classification (a)
and adopted for the fine-grained climate classification as an overlay to intuitively demonstrate the
relation of two climate classifications.

The central basin controlled by an arid climate is divided into several meridionally ar-
ranged local climates. We define their climates as B1 to B5 (from west to east) to supplement
Koppen climate types. Comparing the spatial distribution of two climate classification
maps, the local climate sub-type B5 corresponds to the BSk climate, while the local climate
sub-types B1 to B4 correspond to the BWk climate; that is, the region covered by the BWk
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climate shows great heterogeneity which, ignored in the Képpen climate classification,
can be further distinguished as B1 to B4 local climates due to the clustering process by
both temperature and precipitation differences. The B5 local climate (i.e., BSk climate) is
solely identified as an independent climate type in the K&ppen climate classification, not
because it has significant difference with the climate of the surrounding areas, but due to it
happening to reach the preset thresholds of the Képpen climate classification.

The surrounding mountainous region follows a different spatial pattern, where the
local climates follow an elevation-dependent circular distribution from the central basin to
the basin edges. We name these local climate sub-types E1 to E5 (from the central to the
edges) to obtain a refinement of the ET climate. For global climate studies, the polar climate
is significantly different from other climate types. Thus, the polar climate can be identified
by a single criterion (the temperature of the hottest month (<10 °C)). However, for the
Tibetan Plateau, characterized by the polar climate, it is far from enough to identify the inner
climate heterogeneity by the temperature of the hottest month alone. The differences in
the temperature and precipitation combination are also noteworthy. According to Figure 4,
the tundra climate, which is characterized by the low temperature, is further sub-divided
into Ex local climate sub-types by precipitation differences, with precipitation gradually
increasing from E1 to E5 as the new local climates.

(ii) During the past forty years, all ten climate sub-types have experienced warming
and wetting (Figure 5). The Bx and Ex climate sub-types are distinguished in annual
average temperatures, which, for Bx sub-types, have increased with a faster growth rate
than for the Ex climate sub-types, whose temperatures are lower (below 0 °C) and rise
more slowly. For annual total precipitation, the B1 to B3 and E1 and E2 climate sub-types
are characterized by rare precipitation with small fluctuation and slow growth, while the
B4 and B5 and the E3 to E5 climates are characterized by relatively higher precipitation
with severe fluctuations and significant growth. The Bl and E1 climate sub-types and
the B5 and E5 climate sub-types, as two groups of spatially adjacent transitional climate
sub-types, reveal a high differentiation in precipitation and temperature, respectively. The
temperature difference between the Bl and E1 climate sub-types is small, but the B1 climate
sub-type is characterized by extremely low precipitation, while the E1 climate sub-type has
relatively higher precipitation. B5 and E5 climate sub-types both have high precipitation,
and the B5 climate sub-type has a higher average annual temperature than E5.

(b) 700
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B1 B2 B3 e/ e—(5 El E2 E3 bl em—C

Figure 5. Annual average temperature (a) and annual total precipitation (b) of the fine-grained
climate types B1-B5 and E1-E5 during 1979 to 2018.

Such information of climate transition is obscured in traditional climate classification.
However, in the clustering results, the demarcation line between different climate types
under the Képpen climate scheme has broadened to a spectrum of local climates with
characteristics composed by both of the two Koppen climate types. The E1 to E5 climate
zones converting to arid B5 to Bl climates show a transition from the polar climate in the
mountainous areas to arid climate in the basin, which is not abrupt but follows a gradual



Atmosphere 2022, 13,913

9o0f 16

$3°00"E 90°00"E

process. In this sense, the demarcation of local climates supports the visualization of the
complex climate transformation processes, especially in the areas affected by the climate
transition. Thus, it is more consistent with the real situation of the observed or simulated
climate transition.

(iii) The central basin is divided into five meridionally arranged local climate zones
which, from west to east, are dominated by the B1 to B5 climates. Based on the fine-grained
climate classification (Figure 4b), we have identified three regimes of lakes interacting
with their local climatic environment (Figure 6a). Each of the three central local climates
contain an important lake region, which reveal a systematic structure (Figure 4b): these
west-to-east-aligned lake regions are all characterized by climate characteristics which are
similar to their wetter eastward neighbor but different from the local climate representative
for the particular geographical location. That is, the dryer climate zones or watersheds are
embedded by a wetter lake-affected area. Specifically, the lake region (L-I) embedded in the
B2 climate zone is characterized by a B3 climate; next, the local B3 climate contains a lake
region (L-II) with a B4 climate; and, finally, the last lake region (L-III) in the B4 climate zone
also follows the same eastward moving trend that is characterized by the subsequent wetter
B5 climate. Three wetter-lake regimes, with their dryer-embedding zones follow—step-
by-step—an eastward track, where each step is about 150 km, becomes wetter with the
wet-lake areas being as wet as the subsequent embedding zone. The structural similarity
of all three lake regions hints to a balance between topography, atmospheric circulation
and other local effects, which captures the interaction of lakes with their respective local
climates.
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Figure 6. (a) Three representative lake-climate regions (L-I, L-II, L-III) identified by the fine-grained
climate classification and (b) their lake area variations with linear trends shown by the dotted lines in
the corresponding colors (1970 to 2020).

Having the moistening lake effect on the local climate, lakes are also sensitive to climate
variability, whose surface conditions, such as ice cover, surface temperature, evaporation
and water level, respond dramatically and immediately to changing climates. Thus, lakes
are considered as key indicators of climate change [34,35]. In this study, we choose the
lake area as the indicator to follow the climate effects on lakes. The lake data are from the
Zhang's dataset of the lakes larger than 1 km? in Tibetan Plateau (V3.0) (1970s-2021) [36].
The results of the lake area variations from the 1970s to 2020s show that these three lake
regions have experienced totally different change processes (Figure 6b): the lake area in the
Lake Region I gradually increased in these years, while the lake area in the Lake Region II
has declined with fluctuations. In Lake Region I1I, the lake area is relatively stable with less
changes. The different patterns of lake area variation related to the local climate conditions
are further discussed in the following section.

4. Discussion

The mainly descriptive results presented in the preceding section require some further
interpretation to provide a better characterization of the study area with a more physical
underpinning, to capture the robustness of the methods applied, and to illustrate the
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causal relationships of the observed climate distribution and controlling factors, which is
covered in the Section 4.1. Then, we explore the causes of the fine-grained climate patterns,
including the spatial distribution and gradient change of local climates in the Qaidam Basin
(Section 4.2). Furthermore, we focus on the lake regions and discuss the interaction between
the eco-hydrological environment and local climates (Section 4.3). From the perspective
of local climates, we consider possible approaches to improve the ecological environment
in the Qaidam Basin, establishing a harmonious human—environment relationship and
realizing the sustainable development in the Qaidam Basin.

4.1. Physical, Biome, and Topographical Embedding of the Fine-Grained Climates

A more physical underpinning is provided in terms of the Budyko dryness ratio D [37],
which is introduced as a basis for an analytical interpretation of climate diagnostics:

D = PET/P, (6)

It characterizes the surface flux ratio of potential evapotranspiration (PET) versus
precipitation (P) relating water demand and water supply [37], as seen also in [38]. The
PET is estimated employing a modified Thornthwaite equation:

—4.62-103

PET =12:10%¢" T , )

where T is the Kelvin temperature, and the estimated PET is in cm/year [39,40]. We choose
this equation for its simplicity and frequent application because only one climatic input
variable is required (Figure 7a). Then, employing the Budyko framework, the dryness ratio
D is introduced to provide a quantitative measure of the geobotanical regimes governing
the Qaidam Basin. The dryness ratio combines energy and water fluxes at the surface
into one parameter relating water demand (or energy supply) to water supply, and it
separates water from energy limited regimes at D = 1. This ratio also provides quantitative
geobotanical measures of the climate—vegetation relation in terms of biomes: Tundra,
D <1/3, and forests, 1/3 < D < 1, are energy-limited because the available energy PET
is low, so the runoff exceeds evaporation for given precipitation. Steppe and Savanna,
1 <D <2, semi-desert 2 < D < 3, and desert 3 < D are water-limited climates, where the
available energy is so high that water supplied by precipitation evaporates [37].
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Figure 7. The annual average potential evapotranspiration PET (a) and dryness ratio D (b) in the
Qaidam Basin.

The robustness of the fine-grained climate classes obtained by the cluster method, described
in Section 2.4 and applied in the Section 3, can be visualized comparing Figures 3b, and 7b
which shows the similarity in geographical coordinates. Both the Koppen related fine-
grained climate classes and climate-vegetation-related biomes associated with Budyko’s
geobotanical framework reveal similar geographical structures ranging from the very dry
B-classes to the slightly wetter E-classes.

Relationships of the fine-grained climate classification with controlling factors of biome
related dryness ratio (Budyko framework) and the topographic altitude are presented in the
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Figure 8. The distributions of (a) dryness ratios and (b) altitudes associated with the fine-grained
climate classification.

For completeness, the distribution of the Képpen and fine-grained climate classi-
fication embedded in the temperature—precipitation diagram (see Figure 4) can also be
amended by an embedding in the more physical and vegetation-related Budyko framework
using the (PET-D)-diagram (Figure 9). In particular, the biome-related location of the
three lake regions (in combination with Figure 8) allows for further interpretation of the
terminal-lake area (related to its watershed size) using a suitable dryness-based terminal
lake model [38,41]. However, this is beyond the scope of this analysis, and we will further
discuss it in the following work.
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Figure 9. Potential evapotranspiration versus dryness ratio scatter plots for the Qaidam Basin:
(a) Koppen and (b) the fine-grained climate classification. The three lake regions are also included in

this feature diagram.

4.2. The Causes of the Fine-Grained Climate Spatial Patterns

The fine-grained climate classification of the Qaidam Basin reveals the following spatial
patterns: The basin can be divided into two parts, the central basin and the surrounding
mountains roughly corresponding—under the Képpen climate scheme—to an arid and a
polar climate. This demarcation of arid and polar climate zones is primarily determined
by the large-scale topography, which is directly affected by the incoming solar radiation
and the atmospheric water conditions. Furthermore, the more local climate distribution
and the associated gradient changes are strongly related to the local circulation and climate
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processes. Local climates are also affected by the local factors such as local topography,
land cover, etc.

The northeastern and southern high mountainous areas present a circular distribution
extending from the central basin to the basin edges, which is highly consistent with the local
topography. Increasing elevation, decreasing temperature, and increasing precipitation due
to lifting of moist air lead to a height-dependent vertical climate differentiation. The spatial
circular distribution of local climates also reflects the spatial differentiation of local climate
variations. At the southern edge of the Qaidam Basin, the mountains are high and steep,
so that the local climates in the southern mountainous area reveal a considerable spatial
differentiation, which is further divided to five climate sub-types (E1-E5) representing
smaller geographical spatial scales. For comparison, the north-eastern edge of the basin
has a gentle slope, and the transition from an arid to the polar climate is slow.

The interior of the Qaidam Basin is relatively flat, whose climate spatial variation is
mainly influenced by the local atmospheric circulation but not by elevation. From west to
east, the weakening of the westerlies accompanied with an increasing influence of the Indian
monsoon contribute to the meridionally arranged climate zonality, which is characterized
by a sharp gradient from arid to humid, corresponding to the local climate spectrum from
B1 to B5. The westernmost local climate zone is dominated by B1, which is located on the
northwestern edge of the Qaidam Basin and connected with the arid region in northwestern
China. The next eastward climate zone B2 is extremely arid controlled by the westerlies,
which is broad highly uniform climate zone determined by highly homogeneous geographic
and atmospheric conditions. Then, the eastern part of the basin has been affected by the
Indian monsoon regime. This represents the strong plateau monsoon which, acting as an
atmospheric river transporting water vapor from the Gulf of Bengal to the inland, supplies
the intense precipitation events and causes the increasing trend of precipitation in the
Qaidam Basin. However, the closed topographic structure makes it difficult for warm
and wet air to fully reach the inner basin, and it instead accumulates in the middle and
eastern parts of the Qaidam Basin. Thus, precipitation increases drastically from west to
east, as represented in terms of the B3 to B5 climates, leading to an uneven distribution
of precipitation that is higher in the eastern than in the western part and provides the
dominant climate differentiation within the basin.

4.3. Interaction of Lakes and Local Climates

Lakes are an important part of the water cycle in arid areas. They are of great ecological
and environmental relevance. They supply valuable water resources for animals, plants,
and humans and link the systems of natural and human activities.

The presence of lakes has an important influence in the local circulation system and
climate. The thermal storage and energy exchange capabilities of lakes differ from those of
adjacent land surfaces, thus reducing the thermal amplitude of the diurnal and annual air
temperature cycle on the lakes. Then, the large lake-land temperature differences lead to
the local variations in wind, humidity, and precipitation, called the lake effect. The typical
lake effect is that of precipitation initiated or enhanced by the advection of a colder airmass
over a relatively warmer water body, both in the mid-latitudes [42] and in the tropics [43].
The result of fine-grained climate classification also shows an obvious lake effect in the
Qaidam Basin because lake regions reveal local climate characteristics that differ from the
adjacent land, especially in the arid hinterland of the basin. The climate of lake regions
benefits from the lake-effect of precipitation being more humid than the surrounding areas,
while the large-scale precipitation field dominated by the Indian monsoon circulation
decreases from east to west. That is, following the general spatial distribution pattern of
the larger scale climate, the local climates (B1 to B5) gradually become wetter from west
to east. However, this general larger-scale climate pattern is offset by the lake effect in the
sense that the lake regions attain a local climate regime which is similar to the larger-scale
wetter climate observed further eastward. Thus, the lake-effect precipitation can efficiently
improve the local climate and support that of the oases surrounding the lakes, whose
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good soil moisture conditions can enhance the vegetation growth. Furthermore, vegetation
conservation and soil moisture supply provide suitable conditions to generate positive
feedback, which enhances the local water cycle. Therefore, relying on the role of lakes in the
regional energy and water balance and carefully conserving it, we may be able to combat
dryness and, possibly, improve the ecological environment in the Qaidam Basin starting
from the lake regions. This type of lake regime development may also provide insight for
the analysis and interpretation of the paleo-climate evolution of the Qaidam basin. Thus,
further details are presented in the following.

The different patterns of lake area variation are related to the local climate conditions,
lake supply types, climate variations in lake upstreams, human activities, etc. (i) Lake
Region I includes the east and west Taijinaier lakes, which are mainly supplied by the
glacier meltwater from the Kunlun Mountain. As the upper reaches (covered by E climate)
are getting warmer, the increasing glacier meltwater leads to the rapid expansion of lake
area in the Lake Region I. (ii) Lake Region II is represented by Qarhan Salt Lake, which, as
the largest potash production base in China, is largely affected by the human activities and
policy managements. With the mining of the salt lake, the economic growth is built on the
cost of the lake’s shrinkage [44]. Fortunately, people have been aware of this problem, and
the government has carried out in-time policy intervention based on the goal of sustainable
development from 2015 [45], which seeks for a balance between ecological protection and
human development, and then pursues the sustainable development of human-lake as
well as human-nature relationships. As a result, the lake area in Lake Region II has already
rebounded since 2015, and the local environment has been improving. (iii) The lakes in
the Lake Region III show another change pattern. Tuosu and Keluke Lakes are recharged
by Bayin River supplied by both glacial meltwater and by precipitation. In the past forty
years, the lake area in the Lake Region III has been relatively stable. That is, the increasing
evapotranspiration by local warming accompanied by increasing local precipitation plus
up-stream meltwater recharge are, to some degree, in balance and thus lead to a rather
steady climate pattern.

In summarizing, there are strong interactions between lakes and local climates. Lake-
effect precipitation can improve the local drought conditions while the local and upper-
stream climates affect the water cycle of the lakes by promoting evapotranspiration and
enhancing precipitation or runoff recharges. Especially, the melting glaciers due to the
global warming have increased river runoff and lake water volume, which contribute to the
relatively beneficial local climate conditions for the extremely arid Qaidam Basin in the short
term and provide an important window period of local ecological environmental protection.
Therefore, we can make the targeted plan of ecological restoration and environmental
protection based on the lake—climate relation to form a positive feedback loop among
the climate, hydrology, and ecology, so as to achieve long-term ecological-environmental
improvement. Furthermore, not only for lakes as climate hot-spots, fine-grained climate
classification provides an objectively refined climate division for many climate-related
hydro-ecological studies of the environment. Monitoring the responses of the climate-
related ecological environment at the fine spatial scale helps to develop adaptive protection
for different climate zones, and thereby provide guidance for coping with possible disasters
associated with floods and droughts in arid and semi-arid climates.

5. Conclusions

Given the climate transition zone of arctic-alpine Tibetan Plateau and the further
inland arid and semi-arid regions, the climate within the Qaidam Basin is highly spatially-
heterogeneous with a rapid climate gradient. However, current climate studies lack the
fine expression of climate spatial differentiation within the Qaidam Basin. In order to
obtain an objective and quantitative expression of local climate regions, as well as to avoid
the challenge to pre-define the number of heterogeneous local climates, the ISODATA
cluster method is employed to achieve the fine-grained climate divisions of the Qaidam
Basin, which can heuristically alter the number of clusters based on the input of monthly
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temperature and precipitation data. The fine-grained climate classification embodies the
latest facts of local climate distribution in the Qaidam Basin, extends the Koppen climate
classification, and vividly visualizes the climate differentiation and the variation on a finer
spatial scale. It provides an objective quantitative fine-scale division for climate studies
of the Qaidam Basin, which fills the gap between the overall and grid-level studies. A
more physical climate-vegetation related to biomes, which is associated with Budyko’s
geobotanical framework, is introduced to verify the robustness of the fine-grained climate
classes and to provide a wider diagnostic of both the Képpen and fine-grained climate
classes. Furthermore, based on the validation of the robustness of the methodology, the
cluster climate refinement, as an objective data-driven method, is transferable to regional,
even global-scale climate studies, which have broad application prospects.

According to the fine-grained climate classification of the Qaidam Basin, we obtained a
comprehensive and detailed understanding of the climate in the Qaidam Basin. The Qaidam
Basin can be divided into an arid desert area within the basin and an alpine mountainous
area surrounding it. The climate of the mountainous area is closer to the polar climate on
the Tibetan Plateau. The climate spatial differentiation in the mountainous area is highly
consistent with the topography and presents an elevation-dependent circular distribution
from the basin center to its edges. The climate within the basin is more like the arid climate
in northwestern China. Under the combined effect of westerlies and Indian monsoon, the
climate heterogeneity within the basin presents a west-east meridional distribution. During
the whole climate transition process, the surrounding mountainous areas reveal a large
climate gradient compared with the inner basin. Furthermore, the southern mountain
edge has experienced a more severe climate change than the northeastern mountain edge;
the climate gradient in the eastern basin is larger than in the western part. The altitude
and dryness ratio are two important controlling factors characterizing the changes in the
energy—water fluxes at the surface, which subsequently influence the climate distributions.
The fine-grained climate classification successfully captures their causal relationships and
presents them well by the local climate classes.

In addition, there are interactions between lakes and local climates. The lake regions
within the basin are strongly affected by the local climates, and they also show an obvious
lake effect, which establishes itself as a local lake climate. A series of west-to-east aligned
lake regimes represent a common structure with a dryer-climate zone or watershed embed-
ding a wetter lake-affected area. Three wet-lake regimes with their dry-embedding zones
follow—step by step—an eastward track, where each step is about 150 km in length. On
this track, they become wetter, with the wet-lake areas being as wet as the subsequent em-
bedding zone. In this sense, lake-affected moisture structures appear to migrate eastward
from the very dry center to the wet eastern boundary of the Qaidam basin. This string
of lakes embedded in a dryer watershed environment and their topographic expansion
make the lake-influenced climate regions crucial to combat drought and thus improve
the eco-hydrological environment of the Qaidam Basin; this may also provide—in a more
qualitative sense—a topographically induced concept of a wet climate expansion within
initially arid climates.
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